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MERCAPTURIC ACID PRECURSORS* 


By GORDON C. MILLS ann JOHN L. WOOD 
(From the Department of Biochemistry, University of Tennessee, Memphis, Tennessee) 


(Received for publication, May 2, 1955) 


Although we have demonstrated previously that tissue slices are capable 
of carrying out a complete synthesis of p-iodophenylmercapturic acid (1), 
the intermediate compounds and the mechanisms involved in forming the 
link between the aromatic ring and cysteine sulfur have remained obscure. 
Various workers have suggested that a primary step is an attachment of 
the hydrocarbon to the sulfur of a protein. Stekol (2), after studying the 
effect of dietary cystine and methionine on the yield of mercapturic acids, 
concluded that halogen-substituted hydrocarbons react initially with tissue 
sulfur. From their studies with S*-labeled amino acids, Gutmann and 
Wood (3) also arrived at the conclusion that tissue-bound rather than free 
amino acid sulfur is the primary source for mercapturic acids. 

The final step in mercapturic acid synthesis generally has been assumed 
to be acetylation of the amino group of an aryleysteine. Thus, in every 
case, the administration of an aryl- or alkylaryleysteine to intact animals 
has been followed by excretion of the corresponding mercapturic acid (4, 
5). Also, tissue slices converted benzylhomocysteine and p-bromophenyl- 
cysteine to mercapturic acids (6). 

The present report describes the isolation of radioactive p-iodophenyl- 
cysteine as well as p-iodophenylmercapturic acid following incubation of 
iodobenzene-I'*! with rat liver slices. After oral administration of iodo- 
benzene-I'*! to the rat, p-iodophenyleysteine was found in the liver, intes- 
tine, and kidney, but none was present in the urine. These observations 
establish the réle of p-iodophenylcysteine as a direct precursor of p-iodo- 
phenylmercapturic acid in the metabolic detoxication of iodobenzene. Ev- 
idence has been obtained also for the presence in liver and intestine of 
other precursors of p-iodophenylmercapturic acid. 

Following oral administration of iodobenzene-I'*', tissue proteins labeled 
with radioactivity have been isolated. Presumably the proteins contained 
p-iodopheny] groups attached to cysteine residues. The interpretation of 
these results may be considered to be equivocal because it depends upon 
the complete removal of absorbed radioactive molecules by standard wash- 
ing procedures (7). 

* This investigation was supported in part by a research grant, No. C1228, from 
the National Cancer Institute of the National Institutes of Health, Public Health 


Service. A preliminary account of a portion of this work has been presented previ- 
ously (Federation Proc., 14, 256 (1955)). 
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In a test of the protein precursor hypothesis, a serum protein was treated 
with diazotized p-iodoaniline. The conjugation products yielded p-iodo- 
phenylcysteine on hydrolysis and, when administered to the rat, produced 
an excretion of p-iodophenylmercapturic acid. 


Methods 


Previous papers have described procedures used for synthesis of labeled 
iodobenzene and for in vivo metabolism studies (8). 2 to 4 hours after 
the administration of labeled iodobenzene to rats, selected tissues were re- 
moved and homogenized. For deproteinization prior to separation of me- 
tabolites on an ion exchange column, a tissue homogenate was acidified to 
pH 5 with 1 M acetic acid; 0.5 volume of 95 per cent ethanol was added, 
and the proteins were removed by centrifugation. The residues were 
washed three times with 32 per cent ethanol. A small amount of insoluble 
protein was removed by filtration after the supernatant and wash liquors 
had been combined and heated for 10 minutes at 40°. 

Isolation of Labeled p-Iodophenylcysteine—Carrier p-iodophenylcysteine 
was added to an alkaline aliquot of an aqueous solution of tissue metabo- 
lites and then crystallized from solution by adjustment of the pH to 7. 
The crystals were dissolved in dilute HCl in ethanol and applied to a 
Dowex 50 column (8.0 em. X 0.71 sq. cm., hydrogen form). The col- 
umn was developed with 25 ml. of 2 nN HCI-95 per cent ethanol (2:1), fol- 
lowed by 4.5 nN HCI-95 per cent ethanol (2:1). p-Iodophenylcysteine first 
appeared in the eluate after about 35 ml. of 4.56 n HCI-95 per cent ethanol 
solution had passed through the column. The next 60 ml. contained the 
major portion of the p-iodophenyleysteine. Ethanol and HCl in this frac- 
tion were removed in vacuo, the residue was dissolved in a few ml. of dilute 
NaOH, and p-iodophenyleysteine was crystallized by adjusting the pH to 

Preparation of Protein Conjugated with p-lodophenyl-I'*!—Approximately 
10 mg. of p-iodoaniline-I'*! were prepared as described by Crick and Jack- 
son (9). 2 ml. of rat plasma were acidified with 1 ml. of 1 N H.SO,, and 
15 mg. of brick-red cuprous oxide in aqueous suspension were added. Ex- 
cess cuprous oxide was removed by centrifugation. Diazotized p-iodo- 
aniline-I'*' was added dropwise to the cooled supernatant solution, and the 
mixture was warmed to 55° for 10 minutes. The protein was then pre- 
cipitated with trichloroacetic acid and washed three times with 18 ml. por- 
tions of 5 per cent trichloroacetic acid, five times with 95 per cent ethanol, 
three times with ethanol-diethyl ether (3:1), and once with diethyl ether. 
35 per cent of the radioactivity of the p-iodoaniline was recovered in the 
150 mg. of dried protein, which had a specific activity of 36,000 c.p.m. 
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In a second synthesis, 26 per cent of the radioactivity of the p-iodoani- 
line was retained in 123 mg. of washed protein. The specific activity of 
the protein was 24,000 c.p.m. per mg. 

Carrier p-iodophenylceysteine (13.3 mg.) was added to a portion of la- 
beled protein (129,000 c.p.m.) in 6 N HCl, and the solution was heated 
under a reflux for 18 hours. The HCl was removed by distillation, and 
the p-iodophenylceysteine was dissolved in dilute NaOH and crystallized 
at pH 7. The precipitate was washed with water, dissolved in dilute HCl 
in ethanol, and purified by passing through a Dowex 50 column as described 
above. The radioactivity in the purified p-iodophenylcysteine accounted 
for 29 per cent of the radioactivity of the protein. The remaining portion 
of the radioactive iodophenyl groups was probably linked to the protein 
through other amino acid residues (10). Identification of the radioactivity 
as p-iodophenylcysteine-I'* was confirmed by paper chromatography of a 
portion of the isolated p-iodophenylcysteine on alumina-treated filter paper 
(8) with ethanol as the solvent. All of the radioactivity migrated with 
the p-iodophenyleysteine. Since control experiments gave no indication 
of exchange of I'*' under the conditions employed for the hydrolysis, the 
radioactive p-iodophenylcysteine moiety must have originated in the pro- 
tein. 

Radioactivity counting techniques used varied with the nature of the 
samples. With iodobenzene solutions, liquid counting in 1.00 ml. of etha- 
nol was employed. Feces were pulverized, warmed with concentrated 
HNO, and diluted with water, and an 0.80 ml. aliquot was counted. Since 
all but a trace of the iodide in these samples was organically bound, losses 
by this procedure were not appreciable. 

Recrystallized mercapturic acid and p-iodophenylcysteine samples were 
counted as a thin layer on aluminum foil. Aliquots of the eluent fractions 
from the ion exchange columns were dried in metal planchets prior to 
counting. In all other cases, the samples were counted dry on filter paper. 
Conversion factors were determined for comparison of the different. meth- 
ods of counting. Counts recorded in this paper are expressed in terms of 

counts per minute for a sample dried on filter paper. 


RESULTS AND DISCUSSION 


Isolation of p-lodophenylcysteine from Tissues—Rat liver slices (1.9 gm.) 
were incubated with iodobenzene-I'"*' (0.7 mg., 6.0 X 10° c.p.m.), and an 
aqueous solution of the iodobenzene metabolites was prepared as described 
previously (1). Labeled p-iodophenyleysteine, if formed in the tissue as 
an intermediary metabolite, would be present in this aqueous solution 
along with p-iodophenylmercapturic acid. This was demonstrated by add- 
ing 5.6 mg. of carrier p-iodophenylcysteine which was reisolated and pu- 
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4 MERCAPTURIC ACID PRECURSORS 


rified on a Dowex 50 column as described above. The radioactivity of 
the dried p-iodophenylcysteine was 350 c.p.m. The amount of precursor 
p-iodophenyleysteine found was of the same order of magnitude as the 
mercapturic acid produced by liver slices (1). 

p-lodophenylcysteine was also isolated from liver, kidney, and intestine 
of the rat, following administration by stomach tube of 100 mg. of iodo- 
benzene-I'*!, Carrier p-iodophenylcysteine was added to an aliquot of the 
aqueous solutions prepared from each tissue and was purified by ion ex- 
change as described above. The dried samples were counted and carried 
through the ion exchange purification procedure a second time with no 
decrease in radioactivity. The results of this experiment are given in 
Table I. The relatively large amount of p-iodophenylcysteine found in 


TABLE [ 
Distribution of Radioactivity of Various Tissues Following Iodobenzene-I'*! Ingestion 
Radioactivity 
: Weight of protein 
Tissu : 
ges Homogenized |Free p-iodophenyl- Isolated isolated 
whole organ cysteine protein*® 
c.p.m. X 104 c.p.m. C.p.m. per mg. mg. 
6.12 12,300 0.52 1210 
Kidney........ 5.75 7,300 3.4 199 
errr 5.18 12,500 0.83 320 


* In this instance the counts were so low that 60 mg. of the dried protein were used 
for counting. Hence these counts are not directly comparable to the others. The 
rat was given 100 mg. of iodobenzene-I'*! (2.1 X 108 ¢.p.m.) by stomach tube before 
it was sacrificed. 


the intestine suggests that this tissue synthesizes mercapturic acid, or that 
the compound is circulating in the enterohepatic cycle. 

A sample of radioactive urine was collected prior to sacrificing the ani- 
mal used in the experiment of Table I. A portion of the urine was run 
through a Dowex 50 column and eluted as described for the recovery of 
p-iodophenyleysteine. No p-iodophenylcysteine was found by this pro- 
cedure, which would readily have detected it in amounts as small as 0.2 
per cent of the total urinary radioactivity. Thus p-iodophenylcysteine 
was not an end-product in the metabolic detoxication of iodobenzene by 
the rat. 

The precipitated proteins of the kidney, liver, and intestine were sub- 
mitted to the washing procedure of Peterson and Greenberg (11). The 
radioactivity of these dried tissue protein samples is also shown in Table 
I. As it is extremely difficult to wash proteins free of all radioactivity, 
the small amount retained by the tissue proteins is presently of questiona- 
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These results do indicate, however, that a possible pro- 


ble significance. 
tein intermediate involved in the formation of mercapturic acid could have 
only a transient existence. 

Isolation of New Mercapturic Acid Precursor from Tissues—When a ra- 
dioactive tissue extract, prepared from the liver or intestine of a rat given 
iodobenzene-I'*!, was passed through a Dowex 50 cation exchange column, 
more radioactivity was retained on the column than could be accounted 


for by the p-iodophenylcysteine present. This suggested the presence of 
additional intermediary metabolites in the tissue extract, since none of the 
excreted metabolites of iodobenzene are removed from urine by Dowex 50. 
Elution of the radioactive materials retained on the column showed that a 
portion emerged prior to the p-iodophenylcysteine. 


TABLE II 
Isolation of Mercapturic Acid Precursors from Rat Tissues 
Radioactivity 
Fraction 

Liver Intestine Kidney 

c.p.m. C.p.m. c.p.m. 

Tissue homogenate supernatant............ 82,400 28 , 400 30,800 
p-lodophenyleysteine.....................| 24,500 7,000 9,100 


The rat was given 100 mg. of iodobenzene-I'*! (7.7 X 107 c.p.m.) by stomach tube 
2 hours before it was sacrificed. The separation was made on a 9.0 cm. X 0.17 sq. 
em. Dowex 50 column. 


A summary of the isolation of these metabolites appears in Table II, 
and a curve illustrating the separation on the ion exchange column is pre- 
sented in Fig. 1. The isolation of these compounds has also been achieved 
in two similar experiments. Altogether, about 130 to 160 y of the com- 
pound in Fraction A (Fig. 1) have been obtained following the administra- 
tion of 480 mg. of labeled iodobenzene to six rats. The compound was 
separated from some non-radioactive impurities by paper chromatography. 
Distribution on paper with three solvents is shown in Fig. 2. 

Preliminary studies on the compound purified by paper chromatography 
showed that it yielded a positive ninhydrin test and an absorption spec- 
trum with a peak at 265 my similar to that of p-iodophenylcysteine. On 
hydrolysis with acid it yielded p-iodophenylcysteine. Experiments in vivo 
established the compound as a mercapturic acid precursor. Table III 


summarizes these experiments and shows the recovery from the urine of 
66 per cent of the compound as p-iodophenylmercapturic acid following 
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6 MERCAPTURIC ACID PRECURSORS 

administration to the rat by stomach tube. Identification of the radio- 
activity in the urine as being primarily due to p-iodophenylmercapturic 
acid-I'*! was substantiated by paper chromatography on alumina-treated 
filter paper with 95 per cent ethanol as a solvent. A portion of the ex- 
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Fic. 1. Elution of Fractions A and B from the ion exchange column. Experiment 
2, 18.5 cm. X 0.71 sq. em. Dowex 50 column. Eluent, 650 ml. of 0.2 n HCl, followed 
by 0.2 n HCI containing 32 per cent ethanol. The fractions denoted by dotted lines 


were pooled and worked up together. 
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Distance from origin in cm. 

_ Fig. 2. Purification of Fraction A by paper chromatography. Solvent A, 95 per 
cent ethanol-0.1 m acetate buffer, pH 4.6 (3:2). Solvent front, 18.8 cm. Solvent B, 
N butanol-pyridine-water (5:3:1). This solvent was allowed to flow up the paper 
two times. First solvent front, 18.5 cm.; second solvent front, 20.0 em. Solvent 
C, 95 per cent ethanol-glacial acetic acid-water (16:1:3). Solvent front, 12.5 cm. 
The material was distributed along a 13 cm. line near the base of 15 cm. X 22 cm. 
sheets of Whatman No. 1 filter paper. After development, the portions denoted by 
dotted lines were cut out, eluted, and used for the next chromatograms. 


creted radioactivity was not accounted for as mercapturic acid. It was 
not extracted from acid urine by 24 hour, continuous ether extraction, and 
consequently was not one of the known hydroxylated metabolites of iodo- 
benzene. 

Radioactive compounds of Fraction B (Fig. 1) have not been charac- 
terized. When Fraction B was administered to rats, it yielded no hydrox- 
ylated derivative of iodobenzene. Some mercapturic acid was recovered 
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from the urine, but this may have been due to contamination of this frac- 
tion with the compound of Fraction A. 
Conversion of p-Iodophenyl-I'*!-Labeled Protein to Mercapturic Acid—The 


TaBLeE III 
In Vivo Conversion of Compound in Fraction A to p-Iodophenylmercapturic Acid 


Experiment No. | Administered to rat Recovered in 24 hr. | Chioroform extract | ?-lodophenylmercap- 


urine turic acid* 
c.p.m. c.p.m. c.p.m. c.p.m. 
1 2900 2790 2090 1850 
2 125 
3t 225 171 126 112 


* Identified by adding carrier mercapturic acid and by crystallizing it succes- 
sively from chloroform, a neutralized NaOH solution, and water. 

t Recovered from a 48 hour urine specimen. 

t In this experiment the precursor was purified by paper chromatography prior 
to administration to the rat. 


TABLE IV 
Recovery of Radioactivity Following Administration of p-lodophenyl-I"*!-Labeled 
Protein 
Experiment 1* Experiment 2f 
c.p.m. 10% c.p.m. X 108 
Protein administered. ...................... 3.84 6.46 
Urinary mercapturic acidg................. 0.66 1.26 
Total excreted radioactivity............... 3.91 4.53 


* 107 mg. of protein in aqueous suspension administered by stomach tube. 

t 36 mg. of protein in 0.90 ml. of 0.9 per cent NaCl, pH 7.5, administered into the 
tail vein. 

t Calculated from the radioactivity in the mercapturic acid spot of the paper 
chromatograms. 


synthesis of labeled rat protein containing p-iodophenylcysteine-I™ pro- 
vided a means of determining whether the rat is able to convert iodoben- 
zene bound to protein through a sulfide linkage to p-iodophenylmercap- 
turic acid. In the first experiment the radioactive protein conjugate was 
administered to a rat by stomach tube. This is of interest because of the 
evidence for intestinal mercapturic acid synthesis cited above. To mini- 
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mize proteolysis by enzymes of digestion, the protein conjugate was given 
to another animal intravenously. In both instances mercapturic acid was 
excreted. A summary of these experiments, in which the recovery of radio- 
activity in the urine and feces is presented, appears in Table IV. The 
urinary mercapturic acid excretion in the two instances accounted for 17 
and 19 per cent, respectively, of the administered radioactivity. The 
large amount of fecal radioactivity after intravenous injection of the la- 
beled protein probably represented breakdown products, including those 
in which the p-iodophenyl] group was attached to amino acid residues other 
than cysteine. The conversion of the p-iodophenyl-conjugated protein 
molecule to p-iodophenylmercapturic acid supports the concept (2, 3) of 
an intermediate binding of the aromatic ring of halobenzenes to tissue sul- 
fur. 


SUMMARY 


p-lodophenylcysteine-I'*' was isolated from rat liver, kidney, and in- 
testine following oral administration of iodobenzene-I'*'. Jt was also pro- 
duced by an in vitro system when rat liver slices were incubated with iodo- 
benzene-I'*!, These observations give experimental confirmation for the 
occurrence of p-iodophenylcysteine as an intermediate in the metabolic 
conversion of iodobenzene to p-iodophenylmercapturic acid. A new mer- 
capturic acid precursor has also been isolated from rat tissues after the 
administration of iodobenzene-I''. This precursor is converted by the 
intact animal to p-iodophenylmercapturic acid. Preliminary tests have 
shown the close relationship of this new compound to p-iodophenyleys- 
teine. 

A protein conjugate containing iodine-labeled p-iodophenyl groups 
linked partly to cysteine sulfur has been tested with the rat. After the 
oral or intravenous administration of this labeled protein, p-iodopheny]l- 
mercapturic acid-I'*! was recovered in good yield from the urine. 


BIBLIOGRAPHY 


. Mills, G. C., and Wood, J. L., J. Biol. Chem., 207, 695 (1954). 

. Stekol, J. A., J. Biol. Chem., 121, 87 (1937). 

. Gutmann, H. R., and Wood, J. L., Cancer Res., 10, 8 (1950). 
West, H. D., and Mathura, G. R., J. Biol. Chem., 208, 315 (1954). 
. Williams, R. T., Detoxication mechanisms, New York, 60 (1947). 
. Gutmann, H. R., and Wood, J. L., J. Biol. Chem., 189, 473 (1952). 
. Brunish, R., and Luck, J. M., J. Biol. Chem., 197, 869 (1951). 

. Mills, G. C., and Wood, J. L., J. Biol. Chem., 204, 547 (1953). 

. Crick, J., and Jackson, H., Brit. J. Pharmacol., 7, 142 (1952). 

. Boyd, W. C., and Hooker, 8. B., J. Biol. Chem., 104, 329 (1934). 

. Peterson, E. A., and Greenberg, D. M., J. Biol. Chem., 194, 359 (1952). 


— 


t 
I 
3 
t 
| 
n 
a 
p 
Ww 
Iie 
| 
cl 
th 
ac 
sh 
pc 
T 
the 
1 m 
2 an 
3 
4 
5 
6 
7 sul 
8 wa 
9 cha 
0 
SIOT 
t 


' \e \w 


URINARY METABOLITES OF RADIOACTIVE HISTAMINE* 


By 8S. A. KARJALA, BYRON TURNQUEST, 3rp,f ano 
RICHARD W. SCHAYER 


(From the Rheumatic Fever Research Institute, Northwestern University 
Medical School, Chicago, Illinois) 


(Received for publication, May 27, 1955) 


This laboratory has previously shown that, when animals are injected 
with microgram amounts of high specific activity C'-histamine, at least 
three radioactive metabolic products can be demonstrated in the urine. 
Paper chromatograms of the urine in butanol 80, ethanol 10, and ammonia 
30 showed three radioactive peaks. The following information regarding 
their identity has been published. 

Peak 1 is a compound formed by the action of diamine oxidase (1-3). 
It is not free imidazoleacetic acid (ImAA) although the latter is an inter- 
mediate in its formation (4, 5). The occurrence of Peak 1 is blocked by 
aminoguanidine and other diamine oxidase inhibitors. Peak 2 is a com- 
pound formed by the action of an unidentified enzyme system which 
we have tentatively called ‘‘histamine-metabolizing enzyme II” (2). It is 
not affected by diamine oxidase inhibitors but its formation is almost 
completely blocked by Marsilid (1-isopropyl-2-isonicotinylhydrazine) and 
IBINH (1-isobutyl-2-isonicotinylhydrazine) (6). Peak 3 contains un- 
changed histamine and a small amount of acetyl histamine (4). 

This paper describes the isolation of two radioactive compounds from 
the urine of mice given large doses of radioactive histamine of low specific 
activity. One is a conjugate of ImAA with ribose (7, 8). We have now 
shown this to be identical with the compound of Peak 1. The second com- 
pound, although not fully identified, appears to be a methylated ImAA. 
This suggested that methylation of the imidazole ring is the first step in 
the unknown pathway of histamine metabolism attributed to “‘histamine- 
metabolizing enzyme II.” Confirmation of this hypothesis has been made, 
and details will be published separately. 


EXPERIMENTAL 


Fractionation of Mouse Urine—Urine of mice which had been injected 
subcutaneously with large quantities of C'-histamine (5 mg. per day each) 
was made ammoniacal, extracted with butanol to remove most of the un- 
changed histamine, evaporated to dryness, and the residue extracted re- 

* Supported in part by a contract with the United States Atomic Energy Commis- 


sion and by a grant from the Walter P. Murphy Foundation. 
t Present address, Illinois Institute of Technology. 
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peatedly with boiling methanol. The residue, after evaporation of the 
methanol, was dissolved in a minimal amount of water, placed on a silica 
gel column,’ and eluted successively with ethanol, ethanol-methanol (1:1), 
and methanol. Two diffuse peaks of radioactivity were obtained, the 
first consisting chiefly of ImAA. The second peak was run on a cellulose 
column, 5 per cent concentrated ammonium hydroxide in 95 per cent 
ethanol being used. This yielded four peaks of activity. When run on 
a Dowex 50 column with ammonium formate buffer by the procedure of 
Hirs, Moore, and Stein (9), the last peak eluted gave a radioactive frac- 
tion eluting at pH 2.85. After sublimation of the buffer salts and recrys- 
tallization as the hydrochloride from ethanol-ether, and from water-acetone, 
the compound melted at 170-173°. 


CyoH sNeOeCl. Caleulated. C 40.76, H 5.13, N 9.51 
Found. ** 40.38, 5.39, 9.98 


This substance was found to be identical with the 1-ribosylimidazole- 
4(5)-acetic acid which had been isolated from rat urine (7, 8). 

When the third radioactive peak from the cellulose column was run on 
Dowex 50 in the same way with ammonium acetate buffer, an active frac- 
tion was eluted at pH 5.75. The hydrochloride obtained was recrystal- 
lized from ethanol-ether, yielding a radioactive substance melting at 196- 
198°. 

Calculated. C 40.81, H 5.14, N 15.86, Cl 20.08 
Found. ** 40.98, ** 5.31, * 15.59, ** 20.19 


This substance has the composition of a methylated ImAA. As the 
amount isolated was very small, an unequivocal identification has not yet 
been possible. 

Hydrolytic Studies on 1-Ribosylimidazole-4(5)-acetic Acid—Hydrolyses 
were run in sealed capillary tubes heated in an oil bath. The metabolite 
(0.5 to 1.0 mg.) was dissolved in the appropriate reagent to give a final 
concentration of 10 mg. per ml., and the extent of hydrolysis was de- 
termined qualitatively by visual observation of spots on paper chroma- 
tograms run directly on measured aliquots of the hydrolysates against 
known amounts of ImAA, ribose, or unhydrolyzed metabolite as controls. 
For measuring the ImAA formed, the papers were sprayed with the Pauly 
reagent (10), while the ribose spots were obtained with an aniline oxalate 
spray (11). Unhydrolyzed metabolite was detected by means of the peri- 
odate spray technique of Metzenberg and Mitchell (12). 


1 The column chromatography procedures were developed empirically and are not 
necessarily the ideal conditions for isolation of the metabolites. Only an outline is 
presented to conserve space. More detailed information, if desired, can be obtained 


from the authors. 
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The metabolite was not hydrolyzed by concentrated hydrochloric acid 
in | week at room temperature, nor in 5 hours at 100°. From the size of 
the ImAA spot formed, it is evident that complete hydrolysis occurred 
with acid from 1 N to 6 N at 145° in 5 hours, but with complete loss of the 
ribose. 

The most satisfactory conditions found for the liberation of the sugar 
were 0.1 N hydrochloric acid at 145° for 5 hours. Approximately one-half 
of the ribose is lost under these conditions. A similar loss of ribose was 
noted when equimolecular amounts of ImAA and ribose were heated under 
the same conditions. Hydrolysis of two ribonucleosides, adenosine and 
cytidine, also showed about the same loss of ribose. 

Evidence for Identity of Radioactive Compound of Peak 1 with Imidazole- 
acetic Acid Riboside—As ImAA riboside had been isolated from the urine 
of rats and mice only after administration of massive doses of histamine, 
it remained to be determined whether ImAA riboside was produced in the 
physiological metabolism of histamine. 

The three following experimental approaches have been used; they pro- 
vide strong evidence for the identity of the compound of Peak 1 with 
ImAA riboside. (a) Both are unaffected by boiling 1 hour with 6 N hydro- 
chloric acid, but both are completely hydrolyzed by 1 N hydrochloric acid 
at 150° for 6 hours in a sealed tube. (b) When the radioactive Peak 1 
compound of either rat or guinea pig urine is mixed with carrier ImAA, 
the latter can be easily freed of radioactivity by repeated recrystallization 
as the picrate (4). If, however, rigorous hydrolysis of the Peak 1 com- 
pound is first effected, the carrier ImAA remains at constant radioactivity 
throughout as many as six recrystallizations from three solvents (water, 
alcohol, and water-alcohol (50:50)) with three different charcoal adsorb- 
ents. (c) When 10 y of the crystalline ImAA riboside are mixed with 
about 0.1 y of the radioactive Peak 1 compound from rat urine, chromato- 
grams always show a coincidence of the spot due to the former and of the 
C™ due to the latter. Solvents used were butanol 2, pyridine 2, water 1; 
butanol 1, pyridine 2, water 1; pyridine 65, water 35; with R»r values of 
0.22, 0.46, and 0.85, respectively. 


DISCUSSION 


In this paper we have shown that one of the urinary excretory products 
of physiological quantities of histamine is 1-ribosylimidazole-4(5)-acetic 
acid. 

A crystalline histamine metabolite has been isolated from mouse urine; 
its microanalytical data conform to those required by a methylated ImAA 
(1-methylimidazole-4-acetic acid or 1-methylimidazole-5-acetic acid). Al- 
though positive identification of this compound has not yet been made, it 
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provided the clue which has revealed a hitherto unknown route of hista- 
mine metabolism, methylation of the imidazole ring. This metabolic 
pathway for physiological quantities of histamine has been established by 
chromatographic and isotope dilution procedures. <A preliminary report 
has been made (13). Full details will be published upon completion. 

Although it seems probable that the compound of Peak 2 is a methyl- 
ated ImAA or a derivative of it, this has not yet been proved. 

In the urine of mice given large doses of histamine, the presence of 
large amounts of ImAA and ImAA riboside, but of only a small amount of 
methylated derivatives, indicates that under these conditions diamine oxi- 
dase plays a much more important réle in histamine metabolism than it 
does under physiological conditions. Normally, in mice, diamine oxidase 
is responsible for the metabolism of only a small percentage of injected 
histamine (4). 


SUMMARY 


Two crystalline radioactive compounds, in addition to the previously 
known imidazoleacetic acid, have been isolated from the urine of mice in- 
jected with large, non-physiological quantities of C-histamine. One of 
these, 1-ribosylimidazole-4(5)-acetic acid, is also shown to be a metabolite 
of physiological quantities of histamine. The second compound appears 
to be a methylated imidazoleacetic acid. Although it has not been posi- 
tively identified, it provided a clue which has led to the finding that meth- 
ylation of the imidazole ring is a major route of metabolism of physiological 
quantities of histamine. 


Addendum—lIt has now been shown that the hitherto unidentified radioactive 
substance isolated from mouse urine is a mixture of 1-methylimidazole-4-acetic 
acid and 1-methylimidazole-5-acetie acid (14). 
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THE PRODUCTION OF UNSATURATED URONIDES BY 
BACTERIAL HYALURONIDASES* 


By ALFRED LINKER,f KARL MEYER, ann PHILIP HOFFMAN 


(From the Department of Medicine, College of Physicians and Surgeons, Columbia 
University, and the Edward Daniels Faulkner Arthritis Clinic, Presbyterian 
Hospital, New York, New York) 


(Received for publication, July 11, 1955) 


Hyaluronic acid (HA)! is a polysaccharide composed of equimolar 
amounts of p-glucuronic acid and N-acetylglucosamine. The basic repeat- 
ing unit of the straight chain polymer is the disaccharide, N-acetylhyalobi- 
uronic acid (3-8-p-glucuronopyranosyl-N-acetylglucosamine (3)). The 
polysaccharide is hydrolyzed by enzymes from various sources such as 
mammalian testis, bacteria, snake venom, and others. 

It has been shown previously that only the glucosaminidic linkages of 
the polymer are hydrolyzed by both testicular (4) and pneumococcal 
hyaluronidases (5). As the rate and extent of hydrolysis were found to be 
much greater with the bacterial hyaluronidase, it was postulated that with 
this enzyme a disaccharide and with the testis enzyme a tetrasaccharide 
were produced (5). It was reported subsequently that the end-product of 
testicular hyaluronidase digestion was a mixture of oligosaccharides con- 
taining tetrasaccharide as a major component (6). 

It will be seen here that enzymes obtained from various bacterial sources 
degrade HA to the same end-product, a disaccharide, which is different 
from N-acetylhyalobiuronic acid (N-acetyl-HBA), the repeating unit of 
the polymer. This difference will be shown to be due to the modifying 
action of the bacterial enzymes during the cleavage process equivalent to 
the elimination of 1 molecule of water from the uronic acid portion of the 
repeating unit, resulting in the formation of a disaccharide containing a 
4 ,5-unsaturated uronic acid, a new type of sugaracid. To our knowledge, 
no other example of the appearance of unsaturation during the enzymic 
depolymerization of a polysaccharide has been observed. 


* This work has been supported by a grant from Eli Lilly and Company and by 
grants from the National Institutes of Health and the New York Chapter of the Ar- 
thritis and Rheumatism Foundation. Part of this work has been reported before the 
Forty-fifth annual meeting of the American Society of Biological Chemists at Atlan- 
tic City in 1954 (1). A preliminary communication of this work has appeared (2). 

t Taken in part from a thesis submitted by Alfred Linker in partial fulfilment of 
the requirements for the degree of Doctor of Philosophy, Faculty of Pure Science, 
Columbia University. 

! The following abbreviations are used in this paper: HA for hyaluronic acid and 
HBA for hyalobiuronie acid. 
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EXPERIMENTAL 


Analytical methods for total hexosamine, acetylglucosamine end-group 
color, uronic acid (carbazole), uronic acid (CO.), and reducing sugar (ferri- 
cyanide) have been reported previously (4). Elementary analyses for C, 
H, and N were carried out by the Micro-Tech Laboratories, Skokie, IIli- 
nois. Carbon column chromatography was carried out by using 2 gm. 
of Darco G-60 and 1 gm. of Celite No. 535 per 0.1 gm. of material. The 
columns were eluted with water, alcohol, and pyridine, and the eluates 
were checked for uronic acid as described previously (5). All paper chro- 
matograms were run on Whatman No. | filter paper by downward irriga- 
tion for 24 to 48 hours. A butanol-acetic acid-water mixture (6) was used 
as solvent; Ehrlich’s reagent (7) was used to detect material with an amino 
sugar end-group and aniline reagent (8) to detect free uronic acid. 

All enzyme experiments were carried out at 37° at pH 5.0, 0.1 mM acetate 
buffer, 0.15 m in NaCl, containing 2 mg. per ml. of gelatin (Knox, 6 per 
cent). Sodium hyaluronate of good analysis (9) was used at a concentra- 
tion of 10 mg. per ml. 

Comparison of H yaluronidases Obtained from Different Bacterial Sources— 
Sodium hyaluronate was incubated in buffer with the following hyaluroni- 
dases: pneumococcal enzyme (prepared as described previously (5)),’ 
staphylococcal enzyme,’ streptococcal enzyme,‘ and Clostridium welchii 
enzyme.®> All enzymes were used at 1.0 mg.® per ml., and the increase in 
reducing sugar with time was measured. The results are shown in Fig. 
1; a comparison curve showing the action of purified testicular hyaluroni- 
dase’ has been included. Aliquots containing 0.2 mg. of material were 
withdrawn after 24 hours from the bacterial, and after 48 hours from the 
testicular, enzyme digests and chromatographed on paper with N-acetyl- 
HBA (3) as a control. <A reproduction of the chromatogram is shown in 
Fig. 2. All bacterial enzymes appeared to give the same single product 
which differed from N-acetyl-HBA. 

The end-products of bacterial enzyme action were isolated as follows: 


? The authors wish to express their appreciation to Dr. Gladys L. Hobby of Chas. 
Pfizer and Company, Inc., for growing and collecting the organisms. 

3 Hvaluronidase from Staphylococcus aureus was obtained from Organon Inc., Oss, 
Holland. 

* Hyaluronidase containing enzyme ‘‘Streptodornase’’ was obtained from the 
Lederle Laboratories Division, American Cyanamid Company. 

5 The authors wish to thank Dr. John MacLennan, Department of Microbiology, 
Columbia University, for the preparation of this enzyme. 

6 The enzymes assayed from 60 to 80 TRU (turbidity reducing units (10)) per mg. 

7 Purified testicular hyaluronidase, a commercial preparation kindly supplied by 
Dr. Joseph Seifter, Wyeth Institute of Applied Biochemistry, Philadelphia, assayed 
for 1000 TRU per mg. The enzyme was used at 300 TRU per ml. 
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HA as the sodium salt was incubated in 200 mg. fractions for 24 hours 
with approximately 1200 turbidity reducing units of streptococcal, pneu- 
mococcal, and staphylococcal hyaluronidase, respectively. In order to 
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Fic. 1. Hydrolysis of hyaluronic acid by bacterial and testicular hyaluronidases. 
X, staphylococcal enzyme; O, pneumococcal enzyme; A, streptococcal enzyme; 
@, Clostridium welchii enzyme; O, testis enzyme. 
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Fic. 2. Reproduction of paper chromatogram showing the action of bacterial en- 
zymes on hyaluronic acid. Solvent, butanol-acetic acid-water (50:12:25); 24 hours 
irrigation. A, 48 hour digest with testicular hyaluronidase; B, hydrolysate obtained 
by the action of staphylococcal enzyme; C, hydrolysate obtained by the action of 
pneumococcal enzyme; D, hydrolysate obtained by the action of clostridial enzyme; 
E, hydrolysate obtained by the action of streptococcal enzyme; F, 0.1 mg. of N-ace- 
tvl-HBA (control). 


remove buffer and enzyme, the hydrolysis products were put on a carbon 
column and eluted with water, 15 per cent ethanol, and 0.5 per cent pyr- 
idine. The alcohol and pyridine fractions containing the uronic acid- 
positive material were evaporated in vacuo to a small volume and lyophil- 
ized. About 160 mg. of a white powder which showed only one component 
on a paper chromatogram were obtained for each digest. Analytical values 
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for these digestion products and for N-acetyl-HBA are given in Table I. 
It can be seen that all the bacterial enzymes used gave the same product, 
which is apparently a disaccharide (referred to as the “‘bacterial disac- 
charide’’), differing from N-acetyl-HBA in Ry, value, rotation, and reac- 
tions by two reducing sugar methods. These data indicated that the 
bacterial enzymes modified the structural disaccharide unit of HA during 
hydrolysis. To clarify this, the following experiments were carried out. 
Modifying Action of Bacterial Enzyme—N-Acetyl-HBA was incubated 
at 10 mg. per ml. with 1.0 mg. per ml. of pneumococcal enzyme. After 
24 hours an aliquot containing 0.2 mg. of material was run on a paper 
chromatogram; only the original unchanged material could be detected. 


TABLE I 
End-Products of Bacterial Hyaluronidase Digestion 
—19.5° —21.0° —19.5° — 32° 
Reducing sugar as glucose* . 1.05 mg. 1.03 mg. 0.973 mg. 0.697 mg. 
per mg. per mg. per mg. per mg. 
0.579 mg. 0.565 mg. 0.552 mg. 0.678 mg. 
per mg. per mg. per mg. per mg. 
Hexosamine............... 41.0% 43.1% 43.6% 44.4% 
Uronie acid (CO2)......... 44.8% 43.9% 42.8% 48.2% 
Acetylglucosamine end- 
group color.............. 0.987 mg. 0.987 mg. 0.982 mg. 1.15 mg. 
per mg. per mg. per mg. per mg. 


* Hypoiodite method of Macleod and Robison (17). 
t Ferricyanide method. 


HA and isolated HA tetrasaccharide (6), respectively, were incubated with 
the same enzyme as above. Aliquots of the digests were run on a paper 
chromatogram, a reproduction of which is shown in Fig. 3. The HA di- 
gest, as expected, gave bacterial disaccharide as the only product, while 
the tetrasaccharide was split into two products, one corresponding to 
N-acetyl-HBA, the other to the bacterial disaccharide. In another chro- 
matogram of the tetrasaccharide digest, the spots containing the material 
were cut out by the use of guide strips, eluted, and analyzed for uronic 
acid content. Equal amounts of the two disaccharides were found to be 
present. 

In order to obtain intermediate breakdown products, 100 mg. of sodium 
_ hyaluronate were incubated with 5.0 mg. of pneumococcal enzyme. After 

33 hours, the hydrolysis mixture was adsorbed on a carbon column and 
eluted with water, 15 per cent ethanol, and 5 per cent pyridine. The 
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fractions containing uronic acid-positive material were evaporated in vacuo; 
on lyophilization, 88 mg. of material were obtained. This material was 
chromatographed on paper at 0.4 mg. per spot with an HA oligosaccharide 
mixture containing di-, tetra-, hexa-, and octasaccharides (6) as control. 
A 24 hourdigestof HA by snake venom enzyme! was run on the same paper, 
a reproduction of which appears in Fig. 4. It can be seen that the inter- 
mediate breakdown products of the bacterial enzyme are different from 
the known HA oligosaccharides, while the snake venom products are the 
same. 

The bacterial enzyme oligosaccharide mixture was incubated at 10 mg. 
per ml. with 500 phenolphthalein units of liver glucuronidase (11). After 


A O 


OO 


Fic. 3. Reproduction of paper chromatogram showing the action of pneumococcal 
hyaluronidase on isolated tetrasaccharide. Solvent, butanol-acetic acid-water 
(50:12:25); 20 hours irrigation. A, 0.1 mg. of tetrasaccharide (control); B, hydroly- 
sate of tetrasaccharide; C, hydrolysate of HA; D, 0.1 mg. of N-acetyl HBA (control). 


24 hours an aliquot containing 0.4 mg. of material was chromatographed 
on paper with glucuronic acid as a control. No free glucuronic acid or 
any other products aside from the original mixture could be detected. 
Glucuronic acid is liberated from the non-reducing end of the known HA 
oligosaccharides under the same conditions (12). 

To obtain a larger amount of the bacterial disaccharide, 5 gm. of sodium 
hyaluronate were incubated for 24 hours with 250 mg. of pneumococcal 
hyaluronidase, and the mixture was put on a carbon column and eluted 
with water, alcohol, and pyridine. The alcohol and pyridine fractions con- 
taining the uronic acid-positive material were screened by paper chroma- 
tography. As they all contained only the bacterial disaccharide, they 
were combined, evaporated in vacuo, and lyophilized. The amorphous 


§ Lyophilized venom of Bothrops jararaca from Butantan, Brazil. About 50 TRU 
per mg. 
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disaccharide (4.2 gm.) gave the following analysis: uronic acid (carbazole) 
40.0 per cent, uronic acid (CO,) 44.9 per cent, hexosamine 41.7 per cent, 
reducing sugar (ferricyanide) 61.0 per cent as glucose, nitrogen (Kjeldahl) 
3.40 per cent, neutral equivalent 378, [a]?> —20.0°. This material was 
used for all the following experiments. 

Bacterial disaccharide (10 mg.) and 10 mg. of N-acetyl-HBA, respec- 
tively, were dissolved in 0.25 ml. of 1.0 N sulfuric acid. The solutions 
were heated for 4 hours at 100° and neutralized with saturated Ba(OH)s, 
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Fic. 4. Reproduction of paper chromatogram showing the action of pneumo- 
coccal, testicular, and snake venom hyaluronidases on hyaluronic acid. Solvent, 
butanol-acetic acid-water (50:15:35); 47 hours irrigation. A, hydrolysate obtained 
by the action of pneumococcal enzyme; B, hydrolysate obtained by the action of 
testicular hyaluronidase; C, hydrolysate obtained by the action of snake venom 
hyaluronidase. 


and aliquots containing 0.4 mg. of material were chromatographed on 
paper. Glucuronic acid, glucuronolactone, and glucosamine hydro- 
chloride were run as controls. The N-acetyl-HBA digest gave spots cor- 
responding to glucuronic acid, glucuronolactone, and glucosamine; the 
bacterial disaccharide digest gave only a spot corresponding to glucosamine. 

These data in conjunction with the glucuronidase experiment indicated 
that the uronidic moiety of the disaccharide was modified, while the amino 
sugar seemed unchanged. p-Glucosamine hydrochloride was isolated from 
the bacterial disaccharide by acid hydrolysis, as described previously (13). 
From 500 mg. of disaccharide, 190 mg. of crystalline p-glucosamine hy- 
drochloride (74 per cent of theory) were isolated, [a]® +72.5°. To con- 
firm the identity of the amino sugar, the carbobenzoxy derivative was 
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prepared (14). The melting point of the recrystallized derivative was 
212-213°; the melting point of the derivative prepared from authentic 
glucosamine was 213-214°. 

Group C hemolytic streptococci (Griffith type No. 21) suspended in a 
Krebs-Ringer solution oxidized the bacterial disaccharide vigorously. In 
2 hours at 37°, 75 per cent of the disaccharide had disappeared as meas- 
ured by the carbazole reaction. The oxidation products have not been 
determined. 

Structural Studies on Bacterial Disaccharide—To the bacterial disac- 
charide (19.0 mg.) in 5.0 ml. of methanol, a solution of bromine in chloro- 
form was added. After standing in the dark at room temperature for 15 
minutes, potassium iodide was added, and the solution was acidified and 
titrated with thiosulfate. The bromine uptake was 0.9 mole per mole of 
disaccharide. N-Acetyl-HBA did not consume bromine under the same 
conditions. 

Since the bromine uptake suggests the presence of a double bond, hy- 
drogen consumption of the bacterial disaccharide was measured in a War- 
burg apparatus at 25° and atmospheric pressure, with 2.0 mg. of disac- 
charide and 1.0 mg. of platinum oxide in 3.0 ml. of water. After the 
hydrogen uptake had practically ceased (2 hours), 2.2 moles of hydrogen 
had been consumed per mole of disaccharide. The experiment was re- 
peated with 3.0 mg. of palladium on charcoal (10 per cent, Baker and 
Company, Inc.) as catalyst. Hydrogen uptake stopped completely after 
20 minutes when 1.95 moles of hydrogen per mole of disaccharide had 
been consumed. N-Acetyl-HBA did not consume hydrogen under these 
conditions. 

The bacterial disaccharide showed a strong absorption peak in the ultra- 
violet spectrum at 232 my with a log. of 3.75 indicating the presence of 
an a,6-unsaturated acid. 

The dichlorophenolindophenol test for dienols (15) was negative. 

To confirm the presence of an a,8-unsaturated acid, bacterial disaccha- 
ride (250 mg.) was dissolved in 30 ml. of water, and ozone was bubbled 
through the solution at room temperature. After 25 minutes the solu- 
tion was evaporated in vacuo to 10 ml. and heated on the steam bath for 
l hour. Calcium acetate (1.8 ml. of a 0.5 m solution) was added, and the 
precipitate which formed was dried and weighed (23.0 mg.), dissolved in 
1.0 Nn H2SO,, and extracted with ether. The extract yielded large prismatic 
needles of oxalic acid, m.p. 187-188°. The isolation of oxalic acid con- 
firmed the presence of a double bond in the 4,5 position of the uronic 
acid moiety. A tentative structure was assigned to the bacterial disac- 
charide (I, Fig. 5) based on the preceding data. 

Bacterial disaccharide (140 mg.) was converted to the free acid by pas- 
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sage through Dowex 50 (H+ form). The dried sample was treated at 
room temperature with acetic anhydride in pyridine for 18 hours, ice water 
was added, and the solution was extracted with chloroform. The chloro- 
form layer was evaporated to dryness in vacuo, the residue dissolved in 
ethanol, and heptane added to incipient turbidity. Small rosettes of crys- 
tals were obtained after keeping the solution in a desiccator over calcium 
chloride for several days. The crude crystals (93.2 mg.) were recrystal- 
lized from ethyl acetate, m.p. 190-192°. Calculated for Ca4H3:O.N (ace- 


L Ir 
H-C H—C—OH H-—-C-H H—C-OH 
COOH COOH CH20H 
NoBHg Ir 
H—C-OH H—C—-NHAc 
COOH CH20H 


Fig. 5. Reactions of bacterial disaccharide 


tate of I, Fig. 5), C 48.90, H 5.30, N 2.38, acetyl 43.82; found, C 47.92, 
H 5.32, N 2.38, acetyl (16) 44.60. 

To investigate the reasons for the consumption of a 2nd mole of hydro- 
gen, the hydrogenated compound was isolated as follows: Bacterial disac- 
charide (400 mg.) was dissolved in water and hydrogenated with palladium 
on charcoal (400 mg., 10 per cent, Baker and Company) for 1 hour at room 
temperature and atmospheric pressure. The catalyst was removed by 
filtration and the solution lyophilized. The amorphous material showed 
one spot on a paper chromatogram with an Ry, value somewhat smaller 
than the original disaccharide. (When platinum oxide was used as a 


* The Dow Chemical Company, Midland, Michigan. 
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catalyst, two additional faster moving spots could be detected on a chro- 
matogram, indicating secondary reactions.) The hydrogenated compound 
gave the following analysis: reducing sugar (ferricyanide) 50 per cent as 
glucose; reducing sugar (hypoiodite (17)) 52 per cent as glucose; uronic 
acid (CO2) <1 per cent, uronic acid (carbazole) <2 per cent; acetylglu- 
cosamine end-group color 1.0 mg. per mg., neutral equivalent 397. The 
compound did not absorb in the ultraviolet region. The reducing sugar 
and acetylglucosamine end-group values indicated that, as expected, the 
free reducing group on the amino sugar was still present. ‘The anomalous 
hypoiodite value had been reduced to a normal value for a disaccharide. 
It is of interest to note that this compound no longer gave any of the reac- 
tions for uronic acids. 

The acetate of the hydrogenated disaccharide was prepared as follows: 
The sodium salt of the disaccharide (150 mg.) was treated with acetic 
anhydride in pyridine at room temperature for 19 hours and in the re- 
frigerator for 20 hours; ice water was added and the solution extracted 
with chloroform. The chloroform layer was evaporated in vacuo to dry- 
ness and the residue crystallized from ethanol; 62 mg. of long needles were 
obtained. The recrystallized material had a melting point of 248-251°. 
Calculated for C2H»OuN Na (acetate of sodium salt of II, Fig. 5), C 
47.6, H 5.62, N 2.52, acetyl 38.6; found, C 48.9, H 5.66, N 2.55, acetyl 
(16) 36.8. An infra-red spectrum of this compound in chloroform showed 
no hydroxyl absorption. 

Bacterial disaccharide (200 mg.) was dissolved in 6.0 ml. of pH 8.1, 
0.1 m borate buffer, and 100 mg. of sodium borohydride in 5.0 ml. of water 
were added with stirring. After 2} hours at room temperature and 2 hours 
in the refrigerator, the solution was neutralized to pH 4.5 with acetic acid, 
placed on a carbon column to remove the salts, and eluted with water, 
alcohol, and pyridine. The alcohol and pyridine eluates were combined, 
evaporated in vacuo, and lyophilized, giving 151 mg. of material. This 
was passed through Dowex 50 (H+) and a sample chromatographed on 
paper; one major and one minor component were detected by spraying 
with bromophenol blue (18). The following analysis was obtained: uronic 
acid (CO,) 42 per cent, uronic acid (carbazole) 50.0 per cent, reducing 
sugar (ferricyanide) <1 per cent as glucose. Hydrogen consumption, 
measured as above, over palladium on charcoal, was approximately 1 mole 
per mole of compound. 1 mole of bromine was consumed per mole of 
reduced disaccharide. The ultraviolet absorption spectrum was identical 
with that of the bacterial disaccharide. 

An attempt was made in an earlier experiment to reduce the carboxy] 
group of the bacterial disaccharide with sodium borohydride via the methy] 
ester, as described earlier (3). Reduction of the acid group did not take 
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place, but the ester was saponified under the conditions of the experiment, 
as shown by a negative methoxy! analysis. This compound (285 mg.), 
apparently identical with the one described above, was acetylated with 
acetic anhydride in pyridine for 4 hours at room temperature, the solution 
evaporated in vacuo, ethanol added, the evaporation was repeated, and the 
residue dissolved in ethanol. The acetate crystallized after addition of 
ether; 172 mg. were obtained.'® The compound was recrystallized from 
2-propanol, m.p. 170-171°. Calculated for CoxH3;0i1s5N (III, Fig. 5), C 
50.1, H 5.77, N 2.43, acetyl 44.9; found, C 49.8, H 5.70, N 2.38, acetyl 
(16) 46.6. 


DISCUSSION 


The end-product of bacterial hyaluronidase action on HA was established 
as a disaccharide by analytical values for reducing sugar, acetylglucosamine 
end-group color, the ratio of uronic acid to hexosamine, and paper chro- 
matography. As this disaccharide differed significantly from the known 
repeating unit of the polymer, it had to represent a modification. 

The action of pneumococcal hyaluronidase on hyaluronate tetrasaccha- 
ride further demonstrated the modifying effect of this enzyme. The tetra- 
saccharide contains only one glucosaminidic linkage connecting 2 identical 
N-acetyl-HBA units (6). Cleavage of this linkage by the enzyme, how- 
ever, produced equal amounts of two different disaccharides, N-acetvyl- 
HBA and the modified bacterial disaccharide. Since the bacterial disac- 
charide is obtained from HA in essentially quantitative yield and since 
the intermediate oligosaccharides differ from the normal oligosaccharides 
produced by testicular hyaluronidase, as shown by paper chromatography, 
it is probable that the modification occurs as the hexosaminidic bond is 
being cleaved. ‘This is further illustrated by the 86-glucuronidase experi- 
ments, which indicated that the glucuronic acid moieties on the non-re- 
ducing end of the bacterial oligosaccharides have been modified. It is 
of interest to note here that snake venom hyaluronidase, the products of 
which had not been studied previously, seemed to hydrolyze HA to the 
same oligosaccharides as the testicular enzyme. 

That the same enzyme seems to be responsible for both the hydrolysis 
and the introduction of unsaturation into the uronic acid moiety is sup- 
ported by the following: (a) enzymes obtained from different bacterial 
sources by different methods gave the same product; (b) modification was 
shown to occur concomitant with hydrolysis. 

The tentative structure for the bacterial disaccharide as 3-O-(6-p-A3 ,4- 
glucoseenpyranosyluronic acid)-2-deoxy-2-acetamido-p-glucose (I, Fig. 5) 

10 The authors wish to thank Dr. Bernard Weissmann, Mount Sinai Hospital, 
New York, for the preparation of this compound. 
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was arrived at through the following considerations: (a) the consumption 
of bromine and hydrogen, indicating the presence of unsaturation, (b) the 
ultraviolet spectrum and the isolation of oxalic acid after ozonolysis, plac- 
ing the unsaturation in the 4,5 position of the uronic acid, (c) the analysis 
of the crystalline acetate of the disaccharide, particularly for acetyl show- 
ing the presence of six acetyl groups per disaccharide unit, and (d) the 
known structure of N-acetyl-HBA, the repeating unit of HA in conjunc- 
tion with the fact that the N-acetylglucosamine moiety had not been 
modified. 

The proposed structure did not explain the consumption of a 2nd mole 
of hydrogen. The palladium catalyst does not ordinarily reduce carbonyl] 
groups under the conditions used and neither the ultraviolet spectrum nor 
the bromine uptake indicated more than one unsaturation. The 2nd mole 
of hydrogen was, therefore, assumed to lead to hydrogenolysis of the 
allylic hydroxyl group (carbon 3 of the uronic acid), resulting in a disac- 
charide containing a 3 ,4-dideoxyuronic acid (II, Fig. 5). Analysis of the 
hydrogenated disaccharide and its crystalline acetate, particularly the 
acetyl analysis showing the presence of only five acetyl groups (7.e. only 
one in the uronic acid moiety) strongly supported this hypothesis. 

The borohydride-reduced product evidently still contained the unsatura- 
tion but consumed only 1 mole of hydrogen, indicating that hydrogenolysis 
may have taken place during borohydride reduction also (see III (Fig. 5)). 
Analysis of the acetate of the reduced compound strongly supported this 
view. 

As the unsaturation appears in the 4,5 position of the uronic acid, it 
would seem more likely that the glucosaminidic linkage had been attached 
to carbon 4 of the uronic acid rather than 3, as postulated previously (3); 
that is, that the glucosaminidic bond of HA is 8,1 — 4. 

As an almost quantitative yield of bacterial disaccharide is obtained by 
the action of the enzyme on the straight chain polymer, only the disac- 
charide unit on the non-reducing end will be unmodified. Hydrolysis by 
bacterial enzymes could therefore be used as an end-group method, pro- 
vided that it would be possible to detect small amounts of the unmodified 
unit (N-acetyl-HBA) in the presence of bacterial disaccharide. This has 
so far not been achieved because the percentage of end-groups is very small 
in the high molecular weight HA, and no efficient method of separating 
the two disaccharides has been found. 

Differences between bacterial and animal hyaluronidases are quite con- 
siderable. The bacterial enzymes are less heat-stable, hydrolyze HA at a 
faster rate and to a greater extent (10), and, as seen in the present work, 
appear to split the glucosaminidic linkage by a process of elimination 
leading to an unsaturation in the uronic acid moiety. The testicular 


h 
n 
e 
C 
yl 
d 
e 
n 
a- 
al 
ce 
es 
y, 
is 
ri- 
re- 
is 
of 
he 
sis 
ip- 
ial 
‘as 
5) 
tal, 


24 URONIDE PRODUCTION BY HYALURONIDASES 


hyaluronidase on the other hand hydrolyzes the same linkage by a process 
of transglycosylation, giving oligosaccharides composed of unchanged re- 
peating units (19). 

The action of bacterial enzymes is not limited to HA, but chondroitin, 
a low sulfate analogue of chondroitin sulfate A or C, is also hydrolyzed by 
these enzymes with the liberation of an unsaturated product (20) analogous 
in its properties to the bacterial disaccharide. 

It can be assumed that enzyme mechanisms analogous to that of bac- 
terial hyaluronidases are not limited to this one example and might well 
occur in compounds other than carbohydrates. 4,5-unsaturated sugars 
could possibly be intermediates in biological Walden inversions leading 
from glucose derivatives to those of galactose, especially in microorganisms 
and plants. 


SUMMARY 


Hyaluronidases obtained from Group C hemolytic streptococci, Staphylo- 
coccus aureus, Clostridium welchit, and type II pneumococci were found to 
hydrolyze hyaluronic acid to the same disaccharide, which was, however, 
different from the known repeating unit of the polymer. This difference 
was found to be due to the introduction of an unsaturation into the uronic 
acid moiety of the molecule concomitant with hydrolysis. 

Evidence for the structure of this new type of disaccharide, liberated 
by bacterial enzymes as a 3-O-(8-D-A3 ,4 glucoseenpyranosyluronic acid)- 
2-deoxy-2-acetamido-p-glucose, has been presented. 

The mechanism of enzyme action seems to involve the splitting of a 
glycosidic bond by an elimination reaction, thereby introducing unsatura- 
tion in the liberated molecules. 


The authors wish to thank Miss Phyllis Sampson and Mrs. Violet Lipp- 
man for their able technical assistance. 


BIBLIOGRAPHY 


. Linker, A., Weissmann, B., and Meyer, K., Federation Proc., 13, 253 (1954). 

. Linker, A., and Meyer, K., Nature, 174, 1192 (1954). 

. Weissmann, B., and Meyer, K., 7. Am. Chem. Soc., 76, 1753 (1954). 

. Rapport, M. M., Meyer, K., and Linker, A., J. Am. Chem. Soc., 73, 2416 (1951). 

. Rapport, M. M., Linker, A., and Meyer, K., J. Biol. Chem., 192, 283 (1951). 

. Weissmann, B., Meyer, K., Sampson, P., and Linker, A., J. Biol. Chem., 208, 417 
(1954). 

. Partridge, S. M., Biochem. J., 42, 238 (1948). 

. Hough, L., Jones, J. K. N., and Wadman, W. H., J. Chem. Soc., 1702 (1950). 

. Weissmann, B., Rapport, M. M., Linker, A., and Meyer, K., J. Biol. Chem., 205, 
205 (1953). 

10. Meyer, K., and Rapport, M. M., Advances in Enzymol., 13, 199 (1952). 

11. Talalay, P., Fishman, W. H., and Huggins, C., J. Biol. Chem., 166, 757 (1946). 


Whe 


Coan 


12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 


A. LINKER, K. MEYER, AND P. HOFFMAN 


. Linker, A., Meyer, K., and Weissmann, B., J. Biol. Chem., 213, 237 (1955). 
. Mever, K., and Palmer, J. W., J. Biol. Chem., 114, 689 (1936). 

. Chargaff, E., and Bovarnick, M., J. Biol. Chem., 118, 421 (1937). 
. Bessey, O. A., J. Biol. Chem., 126, 771 (1938). 

. Wiesenberger, E.., Mikrochemie, 33, 51 (1948). 

. Macleod, M., and Robison, R., Biochem. J., 23, 517 (1929). 

. Scott, D. B. M., and Cohen, 8. S8., J. Biol. Chem., 188, 509 (1951). 
. Weissmann, B., J. Biol. Chem., 216, 783 (1955). 

. Davidson, E. A., and Meyer, K., J. Biol. Chem., 211, 605 (1954). 


25 
12 
re- 13 
14 
15 
116 
by 
us 18 
19 
ell 
irs 
ng 
ns 
lo- 
to 
er, 
ce 
11¢ 
ed 
1)- 
a 
"a- 
)p- 
1). 
117 
05, 


| 

| 
| the 
| pos 
has 
to 
ric! 
lev 
rat 
the 
wh 
be 
me 
on 
role 
of. 
fur 
anc 
af 
aut 
ase 
ml. 
ical 
one 
to ( 
Offic 
of 
XUM 


VITAMIN Bs AND PROTEIN SYNTHESIS* 


By HERMAN C. LICHSTEIN 


(From the Department of Bacteriology and Immunology, University of 
Minnesota, Minneapolis, Minnesota) 


(Received for publication, June 27, 1955) 


The known enzymatic functions of the vitamin Be group (1) suggest 
that these vitamins may play an important réle in protein metabolism and 
possibly protein synthesis. Experimental evidence for these speculations 
has been, in the main, indirect. For example, acrodynia in rats is reported 
to be more severe in vitamin Be,-deficient animals maintained on a casein- 
rich diet than in those fed a low casein supplement (2). Also, the fasting 
levels of urea and non-protein nitrogen increase in vitamin Be-depleted 
rats maintained on a high protein diet (3). More direct evidence linking 
these vitamins with synthesis of protein has been reported by Axelrod (4), 
who found that the low antibody titers in vitamin Be-deficient rats could 
be increased significantly with vitamin Be. supplementation. 

The data of the present paper demonstrate that under suitable experi- 
mental conditions the synthesis of the enzyme tryptophanase is dependent 
on the presence of vitamin Beg, thus providing more direct evidence for the 
role of this vitamin in protein synthesis. 


Materials and Methods 


The organism employed was a vitamin B,-requiring mutant strain 
of Escherichia coli, designated 154-59L by Dr. B. D. Davis and kindly 
furnished by him. The growth medium was composed of 0.1 per cent 
each of KLHPO,, KH2PQ,, and NaCl; 0.07 per cent MgSQ,; 0.4 per cent 
(NH,4)2SO,; 0.05 per cent sodium citrate; 0.02 per cent pL-tryptophan; 
and 1.0 per cent vitamin-free acid-hydrolyzed casein (Difco). Glucose in 
a final concentration of 0.5 per cent was added aseptically to previously 
autoclaved media. Vitamin Bs supplementation was obtained by the 
aseptic addition of pyridoxine hydrochloride at a concentration of 10 y per 
ml. of medium. 

The bacterial cells were grown for 16 to 18 hours at 30-32° on a mechan- 


| ical shaker to insure adequate aeration, harvested by centrifugation, washed 
| once, and resuspended in distilled water to give a cell concentration of 0.5 
to 0.7 mg. of bacterial nitrogen per ml. Growth in the absence of vitamin 


* These studies were supported in part by contract No. NR 135-250 between the 
Office of Naval Research, Navy Department, Washington, D. C., and the University 
of Minnesota. 
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Bs was generally 15 to 25 per cent of that obtained when the medium was 
supplemented with pyridoxine. Tryptophanase activity of the washed 
bacterial suspensions was measured at pH 8.3, at 37°, with L-tryptophan 
as substrate. The reaction was terminated by the addition of trichloro- 
acetic acid, and the indole produced was measured colorimetrically (Klett- 
Summerson photoelectric colorimeter) by the method described by Wood 
et al. (5). 


Bg DEFICIENT CELLS Be OPTIMUM CELLS 
60 + HYD. CASEIN 60| HYO. CASEIN 
+ Beal + Beal 
sO 
= 40 40 
WwW 
3 30 3 
z 


+ HYD CASEIN 


NA. or + 
2 ' 2 3 4 6 


TIME IN HOURS 

Fic. 1. Influence of vitamin Bs, on tryptophanase synthesis by E. coli (154-59L). 
Growth conditions as described in the text. Growth turbidity measured at 400 to 
450 my was 42 and 196, respectively, for the vitamin B,-deficient and vitamin Bg-op- 
timal cells. The conditions for enzyme assay were as follows: 37°, 0.01 m phosphate 
buffer at pH 8.3, 0.1 mg. of bacterial nitrogen per tube, and 0.0025 m L-tryptophan as 
substrate. Beal, pyridoxal, 10 y per tube; hyd. casein, vitamin-free acid-hydrolyzed 
casein, 10 mg. per tube; N. A., no additions. 


RESULTS AND DISCUSSION 


The experimental design was based on the findings of Boyd and Lich- 
stein (6) that the reduced tryptophanase activity of bacteria harvested 
from carbohydrate-containing media appears to be the result of a deficiency 
in apoenzyme which can be induced in the washed bacterial suspension by 
the addition of acid-hydrolyzed casein. The results plotted in Fig. 1 re 
veal that cells of FE. coli harvested from a glucose-containing medium dis 
played no tryptophanase activity regardless of the presence or absence of 
pyridoxine during growth. Furthermore, the addition of pyridoxal to 
the bacterial suspensions was without effect. These findings suggest the 
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absence of apotryptophanase in the glucose-grown bacterial cells. The 
influence of vitamin Bg is demonstrated clearly by the effect of adding hy- 
drolyzed casein to the cell suspensions. The addition of vitamin-free acid- 
hydrolyzed casein to the vitamin Be-deficient bacterial suspension caused 
a slight but definite induction of tryptophanase, which was, however, 
increased greatly by the concomitant addition of pyridoxal. In sharp 
contrast, the addition of the hydrolyzed casein to the vitamin B,-optimal 
cell suspension resulted in the synthesis of tryptophanase at a rapid rate, 
and this rate was affected only slightly by the presence of added pyridoxal. 
It is concluded from these data that the ability to synthesize the protein 
apotryptophanase from the amino acid pool (hydrolyzed casein) is de- 
pendent on the presence of vitamin Bs. The possibility that vitamin Be 
acts indirectly, perhaps by being necessary for the synthesis of some amino 
acid which in turn becomes incorporated into the apoenzyme, must, of 
course, be considered. However, since hydrolyzed casein appears to be a 
complete source of amino acids for the synthesis of apotryptophanase by 
E. coli (6), the former conclusion is favored. 


The author wishes to thank Mrs. Dolores A. Lauer for capable assistance 
in these experiments. 


SUMMARY 


Data are presented which demonstrate that the synthesis of the enzyme 
tryptophanase by a strain of Escherichia coli is dependent on the presence 
of vitamin Be, thus furnishing more direct evidence for the réle of this vita- 
min in protein synthesis. 
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ON THE MOLECULAR WEIGHT OF CYTOCHROME c FROM 
MAMMALIAN HEART MUSCLE 


By SHELDON M. ATLAS* anp ELLIOTT FARBER 


(From the Department of Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, 
New York) 


(Received for publication, May 19, 1955) 


Cytochrome c, a conjugated protein containing iron protoporphyrin IX 
as the prosthetic group, is an important intermediary catalyst in tissue 
respiration (see Oppenheimer and Stern (1)). It is water-soluble, readily 
extracted from certain animal and plant tissues as well as microorganisms, 
and stable in purified form. Although its structure and physicochemical 
properties, e.g. absorption spectrum, magnetic moment, and catalytic ac- 
tivity, have been extensively studied (see Lemberg and Legge (2)), only 
scanty information is available on its molecular size and shape (3-6). 
Some of the values quoted in these reviews refer to unpublished experi- 
ments, and no sedimentation or diffusion diagrams appear to have been 
presented thus far. 

The object of the present study was to obtain quantitative information 
on the molecular weight and related parameters of ferricytochrome c from 
mammalian heart tissue. Highly purified preparations from several spe- 
cies (horse, beef, pig) were kindly placed at our disposal by Dr. H. Tint 
and Dr. W. Reiss of the Wyeth Institute of Applied Biochemistry, Phil- 
adelphia. These investigators have previously determined the electropho- 
retic homogeneity, spectrophotometric constants, and iron content of the 
same cytochrome preparations (7). The minimal molecular weight was 
calculated from these data ((7) p. 397) on the assumption that 1 atom of 
iron, in the form of a heme group, is present in 1 molecule of the conju- 
gated protein. 

In the present experiments, the molecular weight was derived from sedi- 
mentation velocity and diffusion measurements by means of Svedberg’s 
formula. The values thus obtained are independent of any assumptions 
as to the iron or heme content of the cytochrome c molecule. 


EXPERIMENTAL 


| Methods and Materials—The ferricytochrome c preparations employed 
in these experiments had been stored for approximately 2 years at about 
4° in 0.14 m NaCl solutions, with small amounts of Merthiolate added as a 


* Present address, Department of Chemistry, Hofstra College, Hempstead, New 
York. 
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preservative. The cytochrome concentration was approximately 1 per 
cent. Prior to study, these solutions were dialyzed in cellophane bags for 
24 hours at 1° against a large volume of 0.1 mM phosphate buffer, pH 7.73, | 
The outside fluid was used as a solvent for dilution and as the supernatant 
solution in the diffusion experiments.' The dialyzed cytochrome solutions 
were centrifuged. Only the beef preparation was observed to yield a sedi- 
ment under these conditions, this material originally having shown the 
greatest amount of impurity (19 per cent). The pig material was origi- 
nally 89 per cent pure, and the horse preparation was free from impurities, 
as far as could be determined.2. The Fe content of these three preparations 
was beef 0.368 per cent, pig 0.384 per cent, and horse 0.456 per cent, re- 
spectively. All the experiments were performed on the material in its 
ferrt form. Aliquots from each experimental solution were submitted to 
Dr. Reiss, who determined the cytochrome concentrations spectrophoto- 
metrically. 

An air-driven ultracentrifuge of the turret type (8) was used for the 
sedimentation velocity experiments, the optical system being of the Tho- 
vert-Philpot type. A General Electric air-cooled high pressure mercury 
arc lamp No. (BH-6) served as the light source, and Eastman Kodak spec- © 
troscopic plates, type 103F, were employed for photography in conjunction | 
with a Wratten No. 195 gelatin filter, as recommended by Kegeles and 
Gutter (9). 

The diffusion experiments were carried out at 20 + 0.05° with a Klett 
electrophoresis apparatus, equipped with the Longsworth schlieren scan- 
ning system (10), and a modified diffusion cell of the Lamm-Tiselius type 
(11). The cytochrome solutions were carefully stratified under the solvent 
columns with hydrostatic pressure. The diffusion boundaries were re- 
corded at suitable intervals on Eastman Kodak No. 103F plates with a 
Corning No. 2412 red glass filter and a single filament tungsten source 
(General Electric No. T10). 

The diffusion constants were calculated by means of the “maximal ordi- 
nate area’’ as well as the ‘“‘second moment”’ methods. | 

The molecular weights were computed by means of Svedberg’s equation 
(3) with Theorell’s (5) value of 0.707 for the partial specific volume of 
cytochrome c. Axial ratios were calculated from the frictional ratio, f/f, 
with the aid of Perrin’s equation for prolate ellipsoids of revolution (3). 


Observations and Results 


Sedimentation Velocity Experiments—The sedimentation rates of two of 
the ferricytochrome preparations (horse and pig) were determined at two 


1 In addition to phosphate, the cytochrome solutions contained a small amoutt 
(less than 0.02 per cent) of sodium chloride. 
? Dr. H. Tint, personal communication. 
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different concentrations, while the third (beef) was examined at one con- 
centration only. Due to the deep red color of the solutions, long exposure 
times (up to 4 minutes) were necessary, since the light emission of the 
mercury are in the red region of the spectrum is very low. The slow sedi- 
mentation rate of the cytochrome c boundaries made it necessary to spin 
the solutions at high centrifugal speeds for relatively long periods of time. 
A certain amount of boundary spread due to diffusion was thus unavoid- 


TABLE 
Molecular Kinetic Data on Ferricytochrome ¢ Preparations 
Solvent, 10. IM phosphate buffer, pH 7.7. 


| | Sedimenta-| Diffusion | Molecular Dissymmetry | 
ic | | Mol issymt Asial ratio, 
Horse 100 0.940 | 12.9 
0.742 2.2 
0.606 13.1 
0.440 2.0 
| Mean | 2.1 | 13.0 13,400 (1.001) (1.1) 
Pig 80 «1,240 «12.5 
1.053 2.6 
0.584 12.2 
@.6)* | 21 
Mean 2.2 12.3 15,500 1.01 | 1.4 
Beef (0.687 12.9 
| «0.386 13.5 
| 0.309 | 2.5 
| 
Mean 2.5 | 13.3 15,600 0.93 (1.0) 


* Value based on dilution factor; the spectrophotometric assay indicated a higher 
value. 


able. An additional amount of blurring was caused by the long exposure 
time. 

Visual observations in the absence of light filters showed that the color 
gradient coincided with the sedimenting boundaries; 7.e., the sedimentation 
of the hemoprotein itself was recorded in these experiments. Furthermore, 
when the analytical centrifuge cell was inspected at the conclusion of the 
runs, a layer of colorless supernatant fluid was present on top of the red 
bottom layer. 

The sedimentation data obtained in these experiments are summarized 


‘in Table I. 


In earlier experiments performed on another preparation of horse cyto- 
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chrome c of high purity, it was found that reduction of the ferr? to the ferro 
form by means of ascorbic acid at pH 7.1 did not alter the sedimentation 
rate significantly; for the ferri form a value of s2.5 = 2.65 was obtained, 
while the ferro form yielded a value of s9 = 2.2 5, both measured at 1 per 


cent concentration. 
The high degree of stability of the material is borne out by the fact that 


SEDIMENTATION 


113) MINUTES 


AFTER REACHING 
FULL SPEED 


Fic. 1. Ultracentrifugal sedimentation diagrams of pure horse heart ferrieyto- 
chrome c (0.74 per cent in 0.1 Mm phosphate, pH 7.7). 


36,000 


Fic. 2. Diffusion diagrams of pure horse heart ferricvtochrome c (0.94 per cent in 
0.1 m phosphate, pH 7.5). 


the sedimentation constant of the pure horse ferricytochrome c remained 
essentially the same after storage at about 4° for 2 years. The examina- 
tion of a preparation of a lower degree of purity (75 per cent) indicated 
that the presence of colorless impurities does not materially influence the 
sedimentation rate of the cytochrome c (82 = 2.4 S at 1 per cent concen- 
tration). 

A representative sedimentation diagram is reproduced in Fig. 1. 

Diffusion Measurements—The diffusion apparatus was calibrated by 
means of a 0.5 per cent solution of mannitol of high purity. The value 
obtained, viz. Doo = 0.55 K 10-5 sq. cm. per second, for the diffusion 
coefficient is in good agreement with the value of 0.53 + 0.02 x 10°, 
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listed in the “International critical tables’? (12). The diffusion rates of 
the three cytochrome preparations were studied at two different concen- 
tration levels. Representative diffusion diagrams are shown in Fig. 2. 

It is evident from Fig. 2 that there is no appreciable skewing of the 
boundaries, and hence little concentration dependence is to be expected. 
Table I presents the diffusion constants for the three cytochrome prepara- 
tions, the values listed being those obtained by the “maximal ordinate area” 
method. Those obtained by the ‘second moment” method are closely 
similar (for a further analysis of these data, see Farber (13)). 

Molecular Parameters—Table | lists the molecular weights, dissymmetry 
coefficients, and axial ratios of the three cytochrome c¢ preparations ob- 
tained in the manner indicated above. These values are subject to the 
limitations mentioned by Neurath (14). 


DISCUSSION 


The results of the present experiments on highly purified cytochrome c 
preparations from various mammalian species are in satisfactory agreement 
with the previously reported values. Thus, Pedersen, in his unpublished 
experiments cited by Paul (6), obtained a sedimentation constant, s25 = 
1.83 S, on 0.22 to 1 per cent solutions of ‘“‘pure cytochrome c,”’ presumably 
prepared from horse heart, over a pH range from 3 to 10. By inserting a 
value of 11.3 X 10-7 sq. cm. per second for the diffusion coefficient D.p9, 


) together with the above sedimentation constant, and a value of 0.702 for 
© the partial specific volume into Svedberg’s equation, a molecular weight 
© of 13,200 was obtained. The close numerical agreement with our own 
© value for the molecular weight of pure horse heart cytochrome c (Table I) 
» is probably fortuitous. Adair (15) had previously obtained a value of 


16,500 for the molecular weight of horse heart cytochrome c, containing 
0.34 per cent Fe, by osmotic pressure measurements. 

For beef heart cytochrome c, containing 0.33 to 0.34 per cent Fe, Theorell 
(16) originally reported a molecular weight of 16,500, which was based on _ 
a sedimentation constant of 2 S obtained by Pedersen (in unpublished ex- — 
periments), and a diffusion coefficient of 11.1 X 1077 and a partial specific 
volume of 0.707, determined by himself. Subsequently, Polson (17) ar- 
rived at a value of 15,600, with soo = 1.89 S (unpublished measurements 
by Andersson), Doo = 10.11 * 10-7, determined by himself, and V = 0.71 
(Theorell’s value). Again, the identity of this value for the molecular 
weight of beef heart cytochrome c with our value (Table I) must be re- 
garded as a coincidence. Tint and Reiss ((7) p. 397) have calculated the 
molecular weight of the cytochrome preparations studied here, based on 
their Fe content and their purity as determined by electrophoresis, assum- 
ing that each mole of the pigment contains 1 gm. atom of Fe. A compari- 
son of their values ((7) Table I, p. 388) with the data here reported (Table 
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1) shows that they are of the same order of magnitude, and hence provides 
further evidence that cytochrome ¢ contains only one heme group per mole- 
cule. 

Sytochrome c belongs to the smallest molecular weight class of proteins 
established by Svedberg and Pedersen (3). Although the molecular weight 
values for the three preparations differ somewhat, it cannot be stated with 
assurance that these differences are significant. However, Tint and Reiss 
((7) p. 385) have reported small but significant differences in the electro- 
phoretic mobility of these preparations, which would suggest that the cyto- 
chromes isolated from horse, beef, and pig heart tissues are not identical. 
This is also true for the hemoglobins of different animal species (2). 

The molecule appears to be very nearly spherical in shape, as indicated 
by the fact that the dissymmetry coefficients are close to unity (Table 1), 

There is no a priori reason to assign to cytochrome c the molecular 
weight of 16,500, z.c. that of the hypothetical Hiifner unit which represents 
one-quarter of the molecular weight of hemoglobin (68,000), just: because 
cytochrome c, like the Hiifner unit, contains only | hemin residue and thus 
only 1 Fe atom per molecule. The amino acid composition of the protein 
moieties of these hemoproteins displays significant differences (2). Al- 
though the heme of both compounds is iron protoporphyrin LX, the link- 
age of the prosthetic group to the protein components differs greatly in 
nature and stability. Thus hemoglobin and cytochrome c represent dis- 
tinct and non-interconvertible entities. 


SUMMARY 


Sedimentation velocity and free diffusion measurements were performed 
on highly purified ferricytochrome c preparations from the heart tissues of 
three mammalian species (horse, beef, and pig). Neither the sedimenta- 
tion velocity nor the diffusion rate exhibits concentration dependence. 
_ The shape of the molecule as derived from hydrodynamic data appears to 
be nearly spherical for each of the species studied. The molecular weight 
is of the order of 15,000. 


The authors wish to express their indebtedness to Dr. H. Tint and Dr. 
W. Reiss of the Wyeth Institute of Applied Biochemistry for making avail- 
able the cytochrome preparations and for the spectrophotometric assays. 
They also wish to thank Professor Kurt G. Stern for suggesting the prob- 
lem and for his assistance in the preparation of the manuscript for publica- 
tion. 


BIBLIOGRAPHY 


1. Oppenheimer, C., and Stern, K. G., Biological oxidation, The Hague and New 
York (1939). 


¢ 


S. M. ATLAS AND E. FARBER 37 


. Lemberg, R., and Legge, J. W., Hematin compounds and bile pigments, New York 


(1949). 


_ Svedberg, T., and Pedersen, K. O., The ultracentrifuge, Oxford (1940). 
. Pedersen, K. O., and Andersson, K. J. I., in Alexander, T., Colloid chemistry, 


New York, 5, 564 (1944). 


. Theorell, H., Ergeb. Enzymforsch., 9, 239 (1943). 
. Paul, K.-G., in Sumner, J. B., and Myrbiick, K., The enzymes, New York, 2, 375 


(1951). 


. Tint, H., and Reiss, W., J. Biol. Chem., 182, 385, 397 (1950). 

. Pickels, kk. G., Rev. Scient. Instruments, 9, 358 (1938). 

. Kegeles, G., and Gutter, F. J., J. Am. Chem. Soc., 73, 3539 (1951). 

. Longsworth, L. G., Ind. and Eng. Chem., Anal. Ed., 18, 219 (1946). 

. Stern, K. G., Singer, S., and Davis, S., J. Biol. Chem., 167, 321 (1947). 

. International critical tables of numerical data, physics, chemistry and tech- 


nology, New York, 5, 71 (1929). 


. Farber, E., Thesis, Polytechnic Institute of Brooklyn (1952). 

. Neurath, H., J. Am. Chem. Soc., 61, 1841 (1939). 

. Keilin, D., and Hartree, E. F., Proc. Roy. Soc. London, Series B, 122, 298 (1937). 
. Theorell, H., Biochem. Z., 285, 207 (1936). 

. Polson, A., Kolloid Z., 87, 149 (1939). 


| 
cs | 
le- 
4 
van 
rhit 5 
ith | 6 
ISS 
Ss 

to- | 
al 49 

| 11 
ed 12 
1). | 
14 
its 15 
ise 16 
17 
} 
pin 
Al- 
ik- 
in | 
lis- 
ed 
of 
ta- 
ce. 
to 
cht 
Dr. 
ul- 
ys. 
Ca- 
ew 

XUM 


| 

| 


THE DETERMINATION OF HIGHER FATTY ALDEHYDES 
IN TISSUES* 
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AND FRANKLIN H. SWENSON$ 


(From the Department of Biochemistry and the Division of Neurology of the Department 
of Medicine, School of Medicine, Western Reserve University, Cleveland, Ohio) 


(Received for publication, June 24, 1955) 


The determination of the content and distribution of the higher ali- 
phatic aldehydes in tissues have depended on modifications (1-3) of the 
Feulgen procedure which employs the fuchsin-sulfurous acid reagent. 
However, several observers, notably Ehrlich et al. (2), have commented 
on two features of this procedure which make its application difficult: 
The Schiff reagent reacts with a wide variety of compounds other than 
aldehydes, and the presence of excess lipides in the sample interferes with 
the color development. Accurate determinations are limited, therefore, 
to tissues rich in acetal phosphatide. 

While the metabolism of the higher fatty aldehydes was being investi- 
gated, it became evident that a more satisfactory method for their deter- 
mination was required. A study of the reaction of p-nitrophenylhydrazine 
with tissue lipides demonstrated that the aldehydes are liberated from the 
lipides as their p-nitrophenylhydrazones. This made possible a new and 
specific method for the determination of the higher fatty aldehydes based 
on the colorimetric estimation of the aldehyde p-nitrophenylhydrazones 
formed. 

The derivatives formed may be isolated on a micro scale, thus facilitat- 
ing the study of the metabolism of these compounds by the isotopic tracer 
technique.' Presumably all of the higher fatty aldehydes measured by the 
present method as well as others occur in the acetal phosphatides. 


* This investigation was supported by a research grant (No. B-242-(C2)) from the 
National Institute of Neurological Diseases and Blindness of the National Institutes 
of Health, United States Public Health Service. 

t Present address, Department of Biochemistry, The Albert Einstein College of 
Medicine, New York 61, New York. 

t Present address, Department of Medicine, The Albert Einstein College of Medi- 
cine, New York 61, New York. 3 

§ Part of the work presented in this report was done in partial fulfilment of the 
curricular requirements at the School of Medicine, Western Reserve University. 

' Korey, S. R., and Wittenberg, J. B., J. Neurochem., in press. 
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EXPERIMENTAL 
Materials and Methods 


Solvents were used without special purification. p-Nitrophenylhydra- 
zine (Kastman Kodak) was recrystallized from 95 per cent ethyl alcohol, 
and a 0.02 m solution in 95 per cent ethyl alcohol was prepared daily. 
The lower aliphatic aldehydes were commercial products. Myristic alde- 
hyde was purchased from the Tombarel Products Corporation? and puri- 
fied by distillation in a high vacuum. 

The p-nitrophenylhydrazones of stearic aldehyde (m.p. 101-103°; Ste- 
phen (4) reports 101°) and palmitic aldehyde were prepared by the reaction 
of p-nitrophenylhydrazine with the tin complex intermediate in the Stephen 
reduction (4) of the corresponding amides. 

Two new synthetic glycerol acetals were prepared by the method of 
Egerton and Malkin (5) from monopalmitin (Research Division, Armour 
Company, lot No. L3A). 

1 ,2-O-Tetradecylidene-3-monopalmitin (m.p. 51.5-53°). 

(524.84). Caleulated. C 75.51, H 12.29 
Found. ** 75.53, 12.47 


1 ,2-O-Tetradecylideneglycerol (m.p. 31-33°, unsharp). 


. (286.44). Calculated. C 71.28, H 11.96 
Found. ** 71.37, 12.26 


Lipide extracts of tissue and the synthetic glycerol acetals were assayed 
for their aldehyde content by modifications of the Feulgen procedure (1, 
2). 

Lipide phosphorus was determined by the method of Fiske and Subba- 
row (6) following digestion with perchloric acid. Nitrogen was determined 
by the Kjeldahl procedure. Total lipides were the solids remaining in the 
lipide extracts after removal of the protein moiety of the proteolipides (7). 


Procedure 


The total lipides were extracted from tissue by the procedure of Folch 
et al. (7). The “fluff,” a layer accumulating at the chloroform-water 
interface during the washing of these extracts, was combined with the 
chloroform layer. Very little fatty aldehyde can be detected in the “‘fluff.” 
Repeated washing of the extracts with water removed no aldehydes and 
may be omitted, but it was usually included to permit determinations of 
lipide phosphorus and nitrogen. 

An aliquot of the total lipide extract containing from 0.1 to 7 wmoles 
of fatty aldehydes (the preferred range is 1 to 2 wmoles) in a 30 ml. conical 
bottom, stoppered centrifuge tube is concentrated almost to dryness at 
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70° under a stream of air. 8 ml. of 95 per cent ethyl alcohol, 1 ml. of 
0.02 M p-nitrophenylhydrazine in 95 per cent ethyl alcohol, and 1 ml. of 
1 N aqueous sulfuric acid are added, and the mixture is incubated at 70° 
for 20 minutes. ‘To the cooled solution are added 5 ml. of water and 10.0 
ml. of petroleum ether (boiling range 60-70°); the mixture is shaken and 
the lower, aqueous layer discarded. The petroleum ether solution is 
washed twice with 10 ml. quantities of water and clarified by centrifuga- 
tion. 

An aliquot of the petroleum ether solution (1 to 5 ml.) is concentrated 
rapidly to a very small volume under a stream of air in a hot water bath. 
The residue is immediately dissolved in from 3 to 20 ml. of 95 per cent 
ethyl aleohol to give a density within the range of the spectrophotometer. 
The concentration of the solution is determined in the Beckman spectro- 
photometer at 395 my. The molecular extinction coefficient at this wave- 
length is 2.35 & 10‘. The reagent blank is 0.048 umole. 

Solutions of the aldehyde p-nitrophenylhydrazones in petroleum ether 
are destroyed slowly by air and rapidly by exposure to sunlight or light 
from fluorescent lamps. Solutions in ethyl alcohol are stable. 

Range and Precision of Determination—For a given lipide sample the 
quantity of aldehydes determined is proportional to the amount of the 
sample over a range of 0.1 to 7 umoles of aldehydes. The values are re- 
producible to within 5 per cent. In contrast to the Feulgen method, 
large amounts of indifferent lipides do not interfere in this determination. 

Identity of Material Determined—The absorption spectrum of the colored 
material produced in the assay is very similar to that of synthetic aldehyde 
p-nitrophenylhydrazones (Fig. 1). Similar spectra were obtained with 
liver and muscle lipides. 

In order to establish further the identity of the yellow material produced 
in the assay, the product of the reaction of p-nitrophenylhydrazine with 
beef brain lipides was isolated by a chromatographic procedure! in an over- 
all yield of 20 per cent, based on the absorption at 395 my, and was crys- 
tallized once. It melted at 80—90°; myristic aldehyde and stearic aldehyde 
p-nitrophenylhydrazones melt at 96.5° and 101°, respectively. The ab- 
sorption spectrum was very similar to that of synthetic aldehyde p-nitro- 
phenylhydrazones (Fig. 1). The molecular weight, calculated from the 
absorption at 395 my, assuming a molecular extinction coefficient of 2.35 < 
10‘, was 392. p-Nitrophenylhydrazone of 


Palmitie aldehyde 

Co2H2702N; (375.5). Calculated. C 70.36, H 9.93, N 11.19 
Stearic aldehyde 

CosHyO2N; (403.6). C 71.42, H 10.24, N 10.41 
Beef brain aldehydes 


Found. C 71.34, H 10.16, N 10.56 
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Chain Length of Aldehydes Determined—Table I shows the recoveries 
found with aldehydes of varying chain lengths and demonstrates that the 
determination is satisfactory for aldehydes of only 14 or more carbon 


200 250 300 350 400 450 
Wove Length my 
Fic. 1. Absorption spectrum of stearic aldehyde p-nitrophenylhydrazone. Solid 
line, spectrum of the pure compound; open circles, the color developed in the assay 
of rat brain lipides; solid circles, spectrum of the isolated material formed in the 
reaction of p-nitrophenylhydrazine with beef brain lipides. The curves are ad- 
justed to an equal height at 390 my. 


TABLE I 
Recoveries of Aldehydes of Differing Chain Lengths 


0.05 and 0.5 umoles of each aldehyde p-nitrophenylhydrazone were carried 
through the assay procedure with the same recoveries. 


-_-—— 


p-Nitrophenylhyd ne of Recovery, per cent p-Nitrophenylhydra of Recovery, per cent 
Acetaldehyde 0 Laurie aldehyde 78 
Butyraldehyde 0 Myristic aldehyde 8S 
Caprvylic aldehyde 48 Palmitic 96 
Capric aldehyde 67 | Stearic es 102 


atoms, although Cs and C,o aldehydes are partially determined. The 
p-nitrophenylhydrazones of aldehydes of shorter chain length have dis- 
tribution coefficients in favor of the water in the system water-petroleum 
ether and are washed out of the petroleum ether solution during the pro- 
cedure. The p-nitrophenylhydrazones of pyruvic and a-ketoglutaric acids 
are water-soluble and give no color in this test. 
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4 TABLE II 
i Comparison of Hydrazine and Feulgen Methods of Estimation of Higher 
| Fatty Aldehydes 
| Aldehydes determined by Comparison of 
Sample 
| Feulgen method Hydrazine method (6)/(a) 100 
(a) (b) 
ceca pmoles per ml. pmole per ml. per cent 
Lipide extract, beef brain, unwashed 1.26 0.675 54 
washed 1.09 0.681 63 
“heart, unwashed 0.905 0.505 56 
oe washed 0.795 0.557 70 
per cent per cenl 
theoretical theoretical* 
Synthetic compounds 
Myristic aldehyde Standard 103¢ 89.2t 
Tetradecylideneglycerol 9 88§ 51T 
Tetradecylidenemonopalmitin 0 18t 


* The data are corrected by a factor (1/0.88) to compensate for the 88 per cent 


recovery found with the sample of pure myristic aldehyde p-nitrophenylhydrazone 


(Table I). 


t Conditions found optimal for lipide extracts: 0.1 N acid, 20 minutes incubation. 
{0.1 N acid, 90 minutes incubation. 
$0.4 N acid, 90 minutes incubation. 


TaBce III 
Fatty Aldehydes of Rat Tissues 
The values are the average of concordant determinations on three 180 gm. male 


rats. 
Fatty aldehydes 
Found phatides, lipides, 
(d)/(ce) KX | (d)/(b) 
100 7.5* 
(a) (b) (ec) (d) 
oles pe les per 
64.9 14.6 134 3.17 3.36 1.67 
Skeletal muscle......... 74.0 13.9 51.4 5.46 10.6 2.95 
ved 66.2 8.6 80.8 6.03 7.46 5.27 
74.3 16.8 161 10.8 6.70 4.83 
85.4 16.2 134 10.8 8.05 5.00 
77.1 16.9 161 13.8 8.59 6.12 
Brain 77.0 38.3 276 53.1 19.3 10.4 


* A molecular weight of 750 is assumed for the acetal phosphatides. 
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Features of Color Development—The conditions necessary for the develop- 
ment of maximal color in the assay of lipide solutions were studied. 
In the absence of acid no color is formed. Increasing the concentration 
of acid increases the initial rate of color development, but does not greatly 
affect the final value. The color develops rapidly for the first 10 minutes 
and reaches a final value at 15 minutes. Some destruction of the color is 
evident on prolonged heating (60 to 120 minutes). Tetradecylidenemono- 


TABLE IV 
Distribution of Higher Fatty Aldehydes in Particulate Fractions of Rat Liver 
The values are expressed per gm. of wet weight of liver. 


Total lipides Higher fatty aldehydes 
Experi- 
Fraction ment Fraction | Fraction 
No. Frac- Frac- Frac- Frac- | of phos- | of total 
tion of |Found | tion of |Found | tion of | Found | tion of | phatides | lipides 
total total total total | (f)/(b) &| (f)/(d) x 
100 75° 
(a) (b) (c) (d) (e) (f) (g) 
per cent |smoles|per cent| mg. |per cent| wmoles | per cent| per cent per cent 
Homogenate 1 100 (33.3 | 100 |40.5 | 100 {1.01 {100 3.03 1.87 
2 100 (33.3 | 100 /|40.4 100 {1.01 {100 3.03 1.88 
Nuclei 1 17.0; 6.41; 19.310.9 | 26.910.213 | 21.0 | 3.32 1.47 
15.6 16.7) 9.16; 22.80.189 | 18.7 | 3.40 1.55 
Mitochondria 1 11.4) 5.47) 16.4) 7.26) 18.0/0.106 | 10.5 1.94 1.09 
2 12.0; 5.50) 16.5) 7.22) 17.9)0.0913) 9.04) 1.66 0.95 
Fluffy layer 1 8.5) 6.05) 18.2) 7.10; 17.60.219 | 21.8} 3.62 2.31 
2 6.55) 19.7) 9.74; 24.11/0.262 | 26.0 | 4.00 2.02 
Microsomes 1 18.011.9 | 35.816.1 | 39.9/0.549 | 54.3 4.61 2.55 
2 17.2} 9.4 | 28.2)11.0 | 27.2)0.418 | 41.3 | 4.45 2.85 
Supernatant 1 29.6; 0.70; 2.1) 5.5 | 13.60.055 | 5.5 | 7.9 1.0 
fraction 2 31.1 
Recovery..... 1 84.5 91.8 116 113 
2 83.7 81.1 92.0 95.0 


* A molecular weight of 750 is assumed for the acetal phosphatides. 


palmitin required longer heating (60 to 90 minutes) to give maximal color 
yields. Tetradecylideneglycerol required both longer incubation and in- 
creased acid concentration (0.4 N) to give maximal color. 

Comparison of Hydrazine and Feulgen Determinations—Total lipide ex- 
tracts of tissue and certain synthetic acetals related to the acetal phos- 
pholipides were assayed for their content of higher fatty aldehydes, both 
by our hydrazine method and by the method of Feulgen. Redistilled 
myristic aldehyde (100 per cent purity established by gravimetric assay 
with 2 ,4-dinitrophenylhydrazine) was used as a standard for both reagents. 


Sos 
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The results are presented in Table II. The synthetic acetals were assayed 
both under the usual conditions and under the conditions found to give 
maximal yields with the p-nitrophenylhydrazine and the Feulgen proce- 
dures. 

The higher fatty aldehyde content of rat tissues is presented in Table ITI. 

The intracellular distribution of higher fatty aldehydes in rat liver is pre- 
sentedin Table IV. Prior to sacrifice by exsanguination, food was withheld 
from the animals for 24 hours. The pooled livers from four 160 gm. rats 
were homogenized in 0.25 m sucrose and fractionated by differential centri- 
fugation into nuclear, mitochondrial, microsomal, and supernatant fractions 
(8). The fluffy layer which overlies the sedimented mitochondria was 
analyzed separately. The recoveries of total nitrogen in the various frac- 
tions (Table IV) compare favorably with the values previously reported 
(8,9). It appears that many investigators have included the fluffy layer 
with the mitochondria. 


DISCUSSION 


The hydrazine procedure provides a direct and sensitive measure of the 
higher fatty aldehydes as their p-nitrophenylhydrazones. The colored 
material produced in the assay of lipide samples has been proved to be 
fatty aldehyde p-nitrophenylhydrazones by the elementary analysis, spec- 
trum, and extinction coefficient of an isolated sample. The procedure is 
specific for aldehydes of high molecular weight. Compounds such as acet- 
aldehyde, pyruvic acid, a-ketoglutaric acid, etc., do not interfere. 

The hydrazine procedure measures quantitatively aldehydes of only 14 
or more carbon atoms (Table I). However, the bulk of tissue aldehydes 
have 16 or 18 carbon atoms, and no aldehydes of less than 14 carbon 
atoms have been detected in animal tissues (10, 11). 

The completeness of the reaction between p-nitrophenylhydrazine and 
the aldehydes of tissue lipides is difficult to assess in the absence of an 
independent measure of the amount of aldehydes present. (The Feulgen 
reaction does not give an absolute measure of tissue aldehydes.) Added 
aldehydes are recovered quantitatively but may behave differently from 
the aldehydes of tissue. The concentration of aldehydes determined in 
any sample of lipides by the hydrazine method is constant and independent 
of the sample size over a wide range, indicating that the hydrazine method 
measures a constant fraction of the aldehydes present. In order to esti- 
mate the fraction of the acetals reacting with the reagent, two acetals 
chemically similar to the alkaline degradation products of the naturally 
occurring acetal phosphatides were prepared and assayed by the hydrazine 
method (Table II). The reaction with free myristic aldehyde was essen- 
tially complete. The synthetic acetals, tetradecylideneglycerol and tetra- 
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decylidenemonopalmitin, reacted to 88 and 82 per cent of the theoretical 
value. The Feulgen reagent did not react to a significant extent with 
these synthetic acetals. It must be recalled that these synthetic acetals 
are significantly different in structure from the naturally occurring phos- 
phatides. 

The results obtained with tissue lipides by the Feulgen and the hydra- 
zine methods are compared in Table II. In washed lipide extracts of beef 
heart and brain, the hydrazine method gave values of 60 to 70 per cent of 
those found by the Feulgen method. Unwashed lipide extracts contain 
substances reacting with the Feulgen reagent to give falsely high values. 
With purified samples of tissue acetal phosphatides, the values found by 
the two methods are similar but, depending on the sample, either method 
may give the higher value. Rapport has applied the hydrazine method 
to a purified naturally occurring acetal phosphatide and estimates that 
the reagent reacted to the extent of 84 per cent of the available aldehydes 
(12).3 

It thus appears that the hydrazine method provides a direct determina- 
tion of the higher fatty aldehydes and measures a constant fraction (70 to 
100 per cent of the theoretical value) of the aldehydes present in any one 
tissue. 

A variety of tissues examined by the hydrazine method was found to 
contain from 3 to 50 umoles of fatty aldehydes per gm. of dry weight of 
tissue (Table III). The acetal phosphatides are quantitatively important 
tissue constituents, since they make up 7 to 10 per cent of the phosphatides 
and about 5 per cent of the total lipides in most tissues. In brain, they 
constitute 20 per cent of the phosphatides and 10 per cent of the total lip- 
ides. The concentration in liver is strikingly low. Studies on the al- 
dehyde content of blood, plasma fractions, and areas of the human brain, 
determined by the p-nitrophenylhydrazine method, will be presented sep- 
arately.‘ 

The concentration of fatty aldehydes in tissues also has been deter- 
mined by the Feulgen method (13-16) and by isolation of the aldehydes as 
dimethyl] acetals (15). 

The acetal phosphatides were found in all of the particulate fractions of 
liver cells, although the phosphatides of those parts of the cell rich in 
lipides were relatively enriched with acetal phosphatides (Table IV). 

The nature of the fluffy layer which overlies the sedimented mitochon- 
dria is still controversial. The analyses here presented show this layer to 


>The authors are indebted to Dr. M. M. Rapport for making the results of his 


investigation available prior to publication. 
‘ Korey, S. R., in preparation, and Wittenberg, J. B., Swenson, F. H., and Korey, 


S. R., in preparation. 
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be intermediate in properties between the mitochondria and the micro- 
somes but to be more similar to the latter, as emphasized by the ratios in 
Table IV. 


SUMMARY 


A specific method for the estimation of the higher fatty aldehydes present 
in tissue lipides is presented. By reaction of p-nitrophenylhydrazine with 
lipides, the aldehydes are converted to their p-nitrophenylhydrazones, 
which are estimated colorimetrically. 0.1 to 7 wmoles of aldehydes may 
be measured. Only the higher aldehydes of tissues are determined quan- 
titatively. Lower aldehydes and keto acids do not interfere. 

Data on the aldehyde content of rat tissues and rat liver particulate 
fractions are presented. 
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EFFECT OF DIET ON THE BETAINE-HOMOCYSTEINE 
TRANSMETHYLASE ACTIVITY OF RAT LIVER 


I. AMINO ACIDS AND PROTEIN* 


By L.-E. ERICSONT anp A. E. HARPER 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, April 4, 1955) 


The activities of certain liver enzymes (1, 2) and the deposition of liver 
fat (3-5) are known to be affected by changes in the protein and the amino 
acid content of the diet. As the extent of liver fat deposition is frequently 
determined by the amounts of certain methyl donors and acceptors pro- 
vided in the diet, it was of interest to ascertain whether the effects of cer- 
tain changes in the amino acid composition of the diet on the activity of 
liver betaine-homocysteine transmethylase, which is involved in the me- 
tabolism of methyl groups, could be related to changes in the deposition 
of liver fat. 

Initially only the effects of amino acid deficiencies were studied; how- 
ever, the demonstration of an antagonism between leucine and isoleucine 
(6) made it of interest to study the effects of a dietary excess of each of 
these amino acids on the activity of an enzyme. When preliminary esti- 
mations suggested that such observations might have a bearing on certain 
discrepancies between the results obtained in this study and those reported 
by Dinning et al. (7), the effects of dietary excesses of some other amino 
acids and of fasting were also investigated. 


EXPERIMENTAL 


Animal Maintenance—Male weanling rats of the Sprague-Dawley strain, 
weighing from 40 to 50 gm., were distributed into individual cages to give 
groups of five or six rats with similar average weights. 

The basal diet hal the following percentage composition: sucrose 81.4, 
casein 9.0, corn oil 5, Salts 4 (8) 4, pt-methionine 0.3, and p.L-tryptophan 
0.1. Vitamins were included to provide, in mg. per 100 gm. of ration, 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grants from the Nutrition Foundation, 
Inc., New York, and the National Live Stock and Meat Board, Chicago, Illinois. 

The authors wish to acknowledge many helpful discussions with Dr. C. A. Elve- 
hjem and Dr. J. N. Williams, Jr., and tothank Mr. D. A. Benton for assistance with 
some of the animal experiments. 

t Present address, Royal Institute of Technology, Stockholm, Sweden. 
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thiamine hydrochloride 0.5, riboflavin 0.5, nicotinic acid 1.0, calcium pan- 
tothenate 2.0, pyridoxine hydrochloride 0.25, folic acid 0.02, biotin 0.01, 
vitamin Bie 0.002, inositol 10, and choline chloride 150. Every week each 
rat was given orally 2 drops of halibut liver oil fortified with vitamins E 
and K (5). This diet was modified for the different experiments as indi- 
cated in Tables I to V. Diets containing 18 or 20 per cent of casein were 
supplemented with pLt-methionine (0.2 per cent) but not with tryptophan. 
All adjustments were compensated for by altering the level of sucrose. 

Determination of Fat and Protein—Liver fat was determined by extrac- 
tion of dried and ground liver with ether (9). Liver nitrogen was deter- 
mined by a semimicro-Kjeldahl procedure and the protein content was 
calculated as N X 6.25. Pooled samples were used which contained an 
equal weight of each liver from the experimental group. 

Estimation of Liver Transmethylase Activity—The livers were removed 
and packed in ice immediately after the rats had been decapitated and 
bled. Homogenates were prepared in a glass homogenizer with 4 ml. of 
0.04 m phosphate buffer (pH 7.4) per gm. of liver. 1 ml. of homogenate 
was incubated for 3 hours at 37° with 0.5 ml. of a 1 per cent solution of 
homocysteine, 0.5 ml. of a 0.5 per cent solution of betaine, and 1 ml. of 
phosphate buffer. In some experiments 1 ml. of a solution of the cofac- 
tor or the apoenzyme preparation described below was added in place 
of the 1 ml.-of phosphate buffer. All incubations were carried out in coni- 
cal centrifuge tubes under aerobic conditions (10). Blanks, containing 
buffer instead of the betaine, were run simultaneously. The enzymatic re- 
action was terminated by the addition of 0.5 ml. of 30 per cent trichloro- 
acetic acid. After adding 2 ml. of water, the samples were centrifuged 
and the methionine content of the supernatant fluid of each sample was 
determined by the colorimetric method of McCarthy and Sullivan (11). 
The enzyme activity is expressed as micrograms of methionine formed per 
gm. of fresh liver during a 3 hour incubation period. 

Preparation of Apoenzyme and Cofactor—Betaine-homocysteine trans- 
methylase has recently been separated into a heat-stable, protein-free frac- 
tion (cofactor) and a heat-labile fraction (apoenzyme), neither of which ex- 
hibits activity except in the presence of the other (10). As the cofactor 
fractions from rat liver and pig liver are interchangeable, those used in 
most of the present work were prepared from the latter (10). In general 
the purification steps involved precipitation of the cofactor with a heavy 
metal, chromatography of the redissolved precipitate on an ion exchange 
resin, and distribution of the active fractions between butanol and water. 
The procedure will be described in detail when it has been worked out 


more thoroughly. 
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Results 


Effect of Protein and Amino Acid Supplements—The results presented in 
Table I show that an increase in the protein content of the diet caused a 
substantial increase in both the betaine-homocysteine transmethylase ac- 
tivity and the protein content of the liver and a decrease in the deposition 
of liver fat. These effects were accompanied by an increase in the rate of 


TABLE I 


Effect of Level of Dietary Protein and of Various Additions to Low Protein Diet on 
Liver Betaine-Homocysteine Transmethylase, Fat, Protein, and Rate of Rat Growth 


| 
D Liv 
Weight Liver Liver fat.t 
Group | | gain per oy per cent methionine 
Casein® | Threo- phan” Choline wk. weightt weight | Per 
9 0.15 15.0 31.4 11.1 9.0 160 + 10t 
2 9 | 0.36 0.15 16.0 | 26.6 12.2 3.2 295 + 16 
3 9 0.10 0.15 16.6 32.4 12.5 $8.8 215 + 16 
4 9 0.36/0.10 0.15 20.0 2.0 | 14.0 4.0 | 300 + 18 
5 9 0.10 15.4 35.2 11.7 13.2 | 1704 7 
6 9 | 0.36 | 0.10 20.7 | 32.0 13.7 8.3 | 250 + 17 
7 is 0.15| 35.7 | 27.4 | 18.9 | 2.1 | 500 + 24 
8 Corn-soy bean diet 40.6 28.0 21.2 1.9 | 670 + 40 
(~24% protein)§ | | | 


* All 9 per cent casein diets were supplemented with 0.3 per cent of pL-methionine. 
The diet for Group 3 corresponds to the basal (9 per cent casein) diet. The experi- 
ments were of 2 weeks duration. 

t Kight rats were used for each determination. The transmethylase activity was 
determined on individual liver homogenates; pooled samples were used for the 
determinations of dry weight, protein, and fat content of the livers. 

t Standard error of the mean. 

§ For composition see Ericson et al. (12). 


gain of the rats. Similar, though less marked, changes were observed in 
the groups that received the 9 per cent casein diets supplemented with 
threonine or tryptophan. 

When the transmethylase activity and the level of liver fat of rats fed 
the basal diet (9 per cent of casein and 0.3 per cent of pL-methionine) were 
followed at intervals over a period of 7 weeks (Fig. 1),' it was observed 
that the transmethylase activity decreased fairly rapidly until the 3rd 
week, then increased gradually until the 7th week. Liver protein content 


' The transmethylase activity of different lots of weanling rats has been found to 
vary considerably (cf. Fig. 1 (13)). 
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DAYS ON EXPERIMENT 
Fic. 1. Variation with time of the betaine-homocysteine transmethylase, fat, and 


protein content of livers from rats fed the basal 9 per cent casein diet (@). 


symbol represents the average value for six rats. 


Each 
Protein and fat contents were de- 


termined on pooled samples and transmethylase activity on individual liver homoge- 
nates. The vertical lines represent the standard error of the mean; the dash lines 


indicate the changes which occurred in transmeth 
the animals were transferred to a stock diet (conta 
both animal and vegetable origin). 
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showed a similar but less pronounced trend. The liver fat content varied 
in an inverse manner to the transmethylase activity and reached a maxi- 
mum at about the same time that the activity of the transmethylase was 
at a minimum. When rats that had been kept on this diet were trans- 
ferred to a stock diet, the transmethylase activity increased rapidly and 
the liver fat content decreased (Fig. 1). 

It can be seen from Table II, which contains results from representative 
experiments, that the addition of the cofactor preparation to liver ho- 
mogenates prepared from rats that had received the basal diet for 2 weeks 
was without effect. On the other hand, the addition of the apoenzyme 
preparation stimulated the transmethylase activity. This effect of the 


TABLE II 


Effect of Addition of Cofactor or Apoenzyme on Betaine-Homocysteine 
Transmethylase Activity of Liver Homogenates from Rats Fed 
Basal (9 Per Cent Casein) Diet* 


| Average transmethylase activity 
Experiment No. No. of homogenates | 
Buffer Cofactor Apoenzymet 
I 3 225 230 
II 2 210 270 


* No inhibitory effect on the transmethylase activity was observed when the co- 
enzyme was added to liver homogenates from rats fed this low protein diet (cf. Table 
III of Erieson et al. (12)). 

t The increase in the transmethylase activity observed on addition of the apo- 
enzyme corresponds closely to what could be expected from the potency of the 
particular apoenzyme preparation used (cf. Table I of Ericson et al. (10)). 


apoenzyme preparation could be demonstrated only in liver homogenates 
prepared from rats before the transmethylase activity began to increase 
significantly with time (see Fig. 1). 

Effect of Excess of Certain Amino Acids—In order to ascertain the effect 
of an excess of dietary leucine or isoleucine on the transmethylase activity, 
three groups of young rats that had been fed the basal diet for 2 weeks 
were placed on the diets indicated in Fig. 2. In consistence with previous 
observations (6) there was a marked retardation of the growth of the group 
that received 3 per cent of L-leucine, while an excess of isoleucine caused 
relatively little growth retardation. Compared to the controls (Curve A), 
the average weight of the livers of the leucine and isoleucine groups de- 
creased 42 and 35 per cent, respectively, and the total liver protein de- 
creased 11 and 22 per cent, respectively. Supplementation of the basal 
diet with either leucine or isoleucine caused an increase in the transmethyl- 
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ase activity; however, after 48 hours a more pronounced increase was evi- 
dent in the case of leucine. This effect of an excess of leucine was less 
evident after 96 hours in both groups as shown by Curves B and D. 
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HOURS AFTER SUPPLEMENTATION 


Fic. 2. Effect of an excess of dietary leucine or isoleucine on the activity of be- 
taine-homocysteine transmethylase. The curves represent the increase over the 
basal group. Curve A, basal (9 per cent casein) diet; Curve B, basal + 3 per cent 
L-leucine; Curve C, basal + 6 per cent pL-isoleucine; Curve D, diet for Curve B + 
0.5 per cent pL-isoleucine added after 48 hours. [ach symbol represents the average 
for five rats. 


Effects of Excess of Dietary Tryptophan on Liver Betaine-Homocysteine 
Transmethylase, Fat, Protein, and Weight, and on Growth of Rats 


Liver protein*® 
Diet gain iver per cen 
otal liver per 
weight 
gm gm gm 
9% casein............ 28 4.70 | 13.1 | 0.618 | 8.95 | 235 | 1790 | 1100 
9% “* + 3.0% vi- 
tryptophan 3.08 | 15.6 0.481 5.25 450 2890 | 1380 
18% casein............| 65 6.20 | 18.4 1.14 2.15 | 425 , 2310 | 2640 
18% “ + 3.0% | 
pL-tryptophan....... | 43 5.70 | 17.8 | 1.02 2.45 565 3170 | 3210 


* Values for pooled samples from six rats. 


In a subsequent experiment, the effect of feeding a high level of pL-tryp- 
tophan was studied. The four diets described in Table III were fed to 
weanling rats during the entire experimental period (2 weeks). The re- 
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sults show that feeding a high level of tryptophan with either a low or an 
adequate level of protein caused a retardation of growth, a decrease in the 
liver weight and in the total amount of liver protein, and an increase in the 
total transmethylase activity as well as in the transmethylase activity ex- 
pressed per gm. of fresh liver or per gm. of liver protein. A decrease in the 
content of liver fat was observed in the group receiving the low protein 
diet that contained an excess of tryptophan. 

As methionine is a product of the reaction catalyzed by betaine-homo- 
cysteine transmethylase, the effect of feeding various levels of this amino 
acid for 2 weeks was studied. The results presented in Table IV show that 


TaBLe IV 
Effect of Increasing Amounts of pu-Methionine on Liver Betaine-Homocysteine 
Transmethylase, Fat, Protein, and Weight, and on Growth of Rats Receiving 
Diet Containing 9 Per Cent Casein 


Weight gain during Liver protein* Liver —— 
at,* 

of diet. weight? | Per percent | rota 
ist wk. 2nd wk. Total weight liver per 
weight liver | Protein liver 

per cent gm. gm. gm. gm. Y ¥ Y 
0.3 8.5 14.9 4.12 13.4 | 0.551 | 3.48 | 250 | 1970 | 1030 
0.6 (Basal) 13.0 20.2 5.02 13.2 | 0.665 | 9.40 | 215 | 1630 | 1080 
1.0 8.9 20.0 4.93 | 13.4 | 0.660 | 10.0 | 270 | 2000 | 1330 
1.3 9.4 19.3 5.01 13.0 | 0.652 | 6.10 | 340 | 2610 | 1700 
1.8 3.8 14.0 3.85 13.3 | 0.511 3.30 | 500 | 3760 | 1920 
2.8 —8.6 7.1 2.28 | 15.5 | 0.354 | 2.25 | 780 | 5030 | 1780 


* Values for pooled samples from six rats. 


excessive levels of dietary methionine caused substantial increases in the 
transmethylase activity. The liver weight and total liver protein paral- 
leled the rate of growth and showed maxima when the diet contained a 
total of 0.6 per cent methionine (basal diet). The fat content of the livers 
showed a similar but somewhat less consistent trend. ‘The increase in 
liver fat content that occurred when supplemental methionine was added 
to the 9 per cent casein diet (Table LV, 0.3 to 0.6 per cent methionine) can 
be explained by the fact that threonine becomes limiting for both growth 
and metabolism of liver fat (cf. Table I, Groups3 and 4) when methionine, 
which was previously the most limiting amino acid in the diet, is provided 
(5). A considerable increase in the amount of free methionine in the liv- 
ers (up to 100 y per gm. of fresh liver over that of the basal group) was 
observed as a result of feeding an excessive level of this amino acid. 
Since the food intake of rats receiving an excess of an individual amino 
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acid was reduced, some effects of fasting for 48 hours on rats that had been 
fed the basal diet for 2 weeks were determined. As shown in Table V, 
fasting, like a large excess of an amino acid, caused decreases in liver weight 
and in total liver protein content and an increase in the activity of the 
transmethylase. 


TABLE V 


Effect of Fasting for 48 Hours on Liver Betaine-Homocysteine Transmethylase, Fat, 
and Protein, and on Growth of Rats Fed Basal Diet for 2 Weeks 


Liver protein® 
Treat t weight aver. t 

Per cent "fresh Per Per gm. Total 
fresh | Total | weight liver per 
weight liver | Protein liver 

Basal (9% casein) diet. +2 4.30 14.4 0.620 | 8.2 210) 1460 910 
Fasted 48 hrs........... —15 2.62 19.8 0.520) 7.0 440 | 2200 1160 


* Values for pooled samples from five rats. 


DISCUSSION 


Although deficiencies of protein, threonine, and tryptophan (Table I; 
Fig. 1) generally caused a decrease in the transmethylase activity and in 
the total protein content of the liver and an increase in the deposition of 
liver fat, there is no evidence for a cause and effect relationship between 
the activity of the transmethylase and the extent of the liver fat accumu- 
lation. Dietary deficiencies of protein and of certain essential amino acids 
have been shown to cause decreases in the activity of other liver enzymes 
(1, 2, 14, 15), increases in the deposition of liver fat in the peripheral areas 
of the lobule (16-18), and decreases in the content of ribonucleic acid and 
of cytoplasmic protein in the liver (19, 20). These changes are all, ap- 
parently, either direct or indirect effects of amino acid deficiencies or im- 
balances, but such relationships as may exist among them remain obscure. 
It would seem logical to suppose, as Kosterlitz has suggested,? that the 
depletion of the cytoplasmic proteins of the liver cell is the most funda- 
mental change. 

The marked increase in the transmethylase activity of the livers of rats 
that were fed an excess of an amino acid or were fasted for 48 hours was 
unexpected, considering the growth-retarding effects of such regimens. In 
each case, although the total liver protein content was decreased, the total 
transmethylase activity of the liver was increased over that of the control 


? Kosterlitz, H. W., personal communication to one of the authors (A. E. H.). 
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group. ‘These observations suggest that, in some cases in which a decrease 
in total cytoplasmic proteins would be expected, certain enzyme proteins 
may be conserved and that the available amino acids are preferentially 
used for the synthesis of these enzymes. Miller (21) observed that the 
activity of cathepsin in the liver of rats fasted for 7 days decreased less 
rapidly than did total liver protein. Similar observations were made by 
Axelrod et al. (13) who studied liver succinoxidase in rats chronically fasted. 

The increases observed in the activity of betaine-homocysteine trans- 
methylase when the level of dietary protein was increased and when the 
low protein diet was supplemented with threonine with or without trypto- 
phan, and the decrease observed when weanling rats were fed a low protein 
diet (Fig. 1), demonstrate, as reported by Dinning et al. (7), that the ac- 
tivity of this enzyme can be markedly influenced by changes in the protein 
or amino acid content of the diet. In contrast to the observations of 
Dinning et al. tryptophan was not found to be of particular importance for 
the maintenance of betaine-homocysteine transmethylase activity, nor was 
any evidence obtained to indicate that the activity of this enzyme may be 
negligible when the diet contains adequate methionine. Since, in the ex- 
periments of Dinning et al. (7), supplementary tryptophan caused a de- 
pression in the growth rate as well as a great increase in betaine-homocys- 
teine transmethylase activity, the increased enzyme activity may have 
resulted from a toxic effect, analogous to that observed in the present study 
in rats that received an excess of a single amino acid. 

The stimulatory effect of the apoenzyme preparation, in vitro, which 
was observed in liver homogenates from rats taken during the early stages 
of the experiment in which low protein diets were fed (Fig. 1), indicates 
that under these conditions the apoenzyme of the transmethylase is de- 
pleted more rapidly than the cofactor. This might well be expected in 
animals transferred from adequate to low protein diets and, although pre- 
vious evidence has been indirect, has been assumed to be the case by other 
investigators (1, 15, 21, 22). The sequence of depletion appears to be re- 
versed in rats fed diets deficient in vitamin By, (12). 

A depression in the rate of growth has been used as the criterion of tox- 
icity in most studies of the effects of dietary excesses of essential amino 
acids. However, the observation that an excess of isoleucine had little 
effect on the growth rate, yet caused a considerable decrease in liver weight 
and in total liver protein, shows that appreciable effects from dietary ex- 
cesses of amino acids may occur independently of their effects on growth. 


SUMMARY 


The activity of rat liver betaine-homocysteine transmethylase increased 
substantially when the protein content of the diet was increased from 9 to 
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18 or 20 per cent and to a lesser extent when supplements of threonine or 
tryptophan were included in a 9 per cent casein diet. These increases in 
enzyme activity were generally accompanied by increases in the content of 
liver protein and decreases in the content of liver fat. 

Evidence has been presented which indicates that the apoenzyme of 
betaine-homocysteine transmethylase was depleted more rapidly than the 
cofactor when rats were fed a low protein diet. 

When leucine, isoleucine, methionine, or tryptophan is fed at levels suffi- 
ciently high to retard growth, the total transmethylase activity of the 
livers increased although the total protein content of the livers decreased. 
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EFFECT OF DIET ON THE BETAINE-HOMOCYSTEINE 
TRANSMETHYLASE ACTIVITY OF RAT LIVER 
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C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, April 4, 1955) 


Numerous investigators have demonstrated a relationship between vita- 
min Biz and the metabolism of labile methyl groups both in microorganisms 
and in higher animals (see Ericson et al. (1)). Some controversy exists, 
however, as to whether vitamin By: is involved in the transfer of methyl 
groups, as well as in the de novo synthesis of such groups. Recent work has 
generally been interpreted as excluding the possibility that vitamin By is 
involved in the transfer of methyl groups. However, several investigators 
(2-5) have demonstrated that a vitamin By. deficiency in the rat causes a 
decrease in the activity of the methionine-generating enzyme, betaine- 
homocysteine transmethylase. 

Betaine-homocysteine transmethylase has recently been purified and 
separated into a heat-stable, protein-free fraction (cofactor) and a heat- 
labile protein fraction (apoenzyme) (1). This has made it possible to 
investigate whether a vitamin By. deficiency in the rat causes a decrease 
in either the coenzyme or the apoenzyme part of the transmethylase. The 
results of an investigation concerned with this problem and also with an 
effect of vitamin By, in vitro, on the synthesis of methionine are presented 
in this paper.! 


EXPERIMENTAL 


Animal Maintenance—Male weanling albino rats of the Sprague-Dawley 
strain, weighing from 40 to 50 gm., were used throughout the investigation. 
The animals were kept in individual cages and fed ad libitum. The basal 
diet (vitamin Bi2-deficient) was similar to the one used by Lewis e¢ al. (6) 
and consisted of 46.2 per cent corn meal, 46.2 per cent soy bean meal, 2 per 
cent Salts 4 (7), 5 per cent corn oil, 0.3 per cent cystine, and a vitamin 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by grants from the Nutrition Foundation, 
Inc., New York, and the National Live Stock and Meat Board, Chicago, Illinois. 

t Present address, Royal Institute of Technology, Stockholm, Sweden. 

1 A preliminary report on this work was given at the meeting of the Federation of 
American Societies for Experimental Biology, San Francisco, April, 1955. 
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mixture (8) which provided 0.5 mg. of thiamine hydrochloride, 0.5 mg. of 
riboflavin, 1.0 mg. of nicotinie acid, 2.0 mg. of calcium pantothenate, 0.25 
mg. of pyridoxine, 0.01 mg. of biotin, 10 mg. of inositol, 0.02 mg. of folic 
acid, and 150 mg. of choline chloride per 100 gm. of ration. Vitamin By» 
was included in the complete ration at a level of 0.002 mg. per cent. A 
double quantity of the vitamin mixture was included in the diets that con- 
tained 0.1 per cent of iodinated casein. Every week, each rat was given 
orally 2 drops of halibut liver oil fortified with vitamins EF and K (8). The 
animals were weighed weekly during the experimental periods which lasted 
from 2 to 10 weeks. 

Estimation of Transmethylase Activity—All estimations of transmethylase 
activity were carried out on rat liver homogenates. Each rat was decapi- 
tated and bled, and the liver was quickly removed and packed in ice. The 
procedure for the preparation of liver homogenates and the estimation of 
enzyme activity were identical with the one outlined in Paper I (9). The 
transmethylase activity is expressed as micrograms of methionine formed 
per gm. of fresh liver during a 3 hour incubation period. 

Estimation of Vitamin B,.—Vitamin Biz was generally estimated in 
pooled samples of the same liver homogenates as those used for the esti- 
mation of the transmethylase activity. Lactobacillus leichmannii served as 
the test organism (10). 

Methods for the preparation of apoenzyme and cofactor of betaine- 
homocysteine transmethylase have been described previously (1, 9). 


Results 


Effect of Vitamin Byz on Betaine-Homocysteine Transmethylase—The first 
experiment was designed to determine whether the addition of iodinated 
casein to the diet (as is done in the biological assay for vitamin B,2) would 
increase the severity of the vitamin By» deficiency and cause a greater de- 
crease in liver betaine-homocysteine transmethylase activity. The re- 
sults presented in Table I show, in agreement with earlier observations 
(2-5), that both the rate of gain and the transmethylase activity of rats 
receiving the basal (vitamin By.-deficient) diet were decreased below the 
control values. A similar decrease in the rate of gain (somewhat larger on 
a percentage basis) was observed when vitamin By. was omitted from the 
diet containing iodinated casein. However, iodinated casein per se caused 
a decrease in the transmethylase activity and the omission of vitamin By 
did not further depress the transmethylase activity. Therefore iodinated 
casein was not used in subsequent experiments. 

The curves in Fig. 1 show the effect of dietary vitamin By. on the rate of 
gain, the transmethylase activity, and the vitamin By: content of the liver 
as measured at intervals over a period of 10 weeks. The omission of vita- 
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min Biz from the diet caused a marked decrease in the vitamin Biz content 
of the liver. The weight gain was decreased by about 15 per cent at 6 
weeks; however, as the rats matured and the rate of gain fell off, the total 
gain of rats receiving the deficient diet approached that of the control 
group. The transmethylase activity of rats fed the deficient diet was less 
than that of the controls at each interval throughout the experimental 
period. Although the differences were not large, similar results were ob- 
tained in three separate experiments. 

Kstimation of the transmethylase activity in dilutions of liver homoge- 
nates from rats fed the deficient diet, and in mixtures of these homogenates 


TABLE I 


Effect of Dietary Vitamin By. and Iodinated Casein on Growth of Rats, Vitamin By» 
Content, and Betaine-Homocysteine Transmethylase Activity of Rat Liver 


Transmethylase 
activity, y methio- 
nine formed per 
gm. wet weight per 
3 hrs. (6 rats each) 


Vitamin con- 
Total weight gain in tent, y per 100 
6 wks. gm. wet weight 
(6 rats each) 


Type of diet 


gm. 
With vitamin Bis................. 231 + 7* (10)t 7.5t 760 + 23* 
Without vitamin By............| 194 + 4 (20) 3.6 610 + 37 
With vitamin Bye + 0.1% iodi- 
199 + 3 (10) 15.1 500 + 17 
Without vitamin By. + 0.1% io- 
dinated casein................. 165 + 6 (20) 4.3 500 + 27 


- 


* Standard error of the mean. 

t The figures in parentheses represent the number of rats used for each experi- 
ment. 

t Pooled samples were used for the vitamin B,2 analyses. 


and those from control rats, indicated that the lower transmethylase ac- 
tivity of liver homogenates from rats fed the vitamin By-deficient diet 
could not be attributed to the accumulation of an inhibitor of the enzyme. 
Consequently, the transmethylase activities of liver homogenates prepared 
from control rats and from rats fed the vitamin B,.-deficient diet for 3 to 4 
weeks were compared after the homogenates had been incubated with an 
equal volume of buffer, a solution containing the apoenzyme, or a solu- 
tion containing the cofactor. It is evident, from the results presented 
in Table II, that the addition of the apoenzyme preparation did not 
alter the transmethylase activity of any homogenate. In contrast, the 
cofactor preparation increased the transmethylase activity of liver ho- 
mogenates from rats fed the vitamin By2-deficient diet to that of the con- 
trols. 
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Fic. 1. Changes with time in weight gain, liver vitamin B,2 content, and liver 
transmethylase activity of rats fed complete and vitamin B,2-deficient diets. 
point represents an average value from five rats. 


In preliminary experiments it was observed that the transmethylase ac- 
tivity of crude homogenates from rats fed either the control or the deficient 
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purified apoenzyme. The addition of cyanide (0.1 Mm) prevented the 
inhibition, but, as can be seen from the results presented in Table IT, uni- 
formly lower values were obtained by this procedure. 

In a few experiments vitamin By. (10 to 20 7) was injected into the he- 
patic portal vein of anesthetized, vitamin B,.-deficient rats. An increase 
in the betaine-homocysteine transmethylase activity was observed fairly 
consistently in homogenates from animals killed between 3 and 30 minutes 
after injection. When liver slices from rats fed the vitamin By,»:-deficient 
diet were incubated from 1 to 3 hours at 37° in Krebs-Ringer phosphate 
buffer (pH 7.3) containing 10 y of vitamin By per ml., increased trans- 
methylase activity of the homogenized slices was sometimes observed. No 
increase in betaine-homocysteine transmethylase activity was observed 


TaBLeE II 


Effect of Addition of Apoenzyme or Cofactor on Activity of 
Betaine-Homocysteine Transmethylase 


Average transmethylase activity, y methionine 
tar No. of formed per gm. liver per 3 hrs. 
Homogenates from rats receiving homogenates 
Buffer Apoenzyme* Cofactort 
3 520 510 


* Two different apoenzyme preparations were used. 
t Three different coenzyme preparations were used. 
t These estimations were made in the presence of cyanide (see the text). 


when homogenates from control rats or from rats fed the deficient diet were 
incubated with vitamin By, alone or in combination with adenosine triphos- 
phate (ATP), a-ketoglutarate, diphosphopyridine nucleotide (DPN), folic 
acid, folinie acid, and ascorbic acid. 

Effect of Vitamin By, in Vitro, on Synthesis of Methionine in Absence of 
Added Methyl Donor—The blanks used in the assay of betaine-homocys- 
teine transmethylase contain homocysteine but no betaine. Therefore, an 
increase in the blank is a measure of the amount of methionine synthesized 
in the absence of an added methyl donor. In the experiments cited above, 
in which vitamin B,2 was injected into deficient rats and was tested for its 
effect in vitro on the transmethylase activity of slices from deficient rats, 
an increase in the values for the blanks was consistently observed. A 
similar increase was observed in the blanks for the homogenates incubated 
with vitamin Bi, plus the various cofactors listed above. 

This effect of vitamin Bie, in vitro, on methionine synthesis was investi- 
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gated in more detail with liver homogenates from rats fed the vitamin By- 
deficient diet. The results presented in Table III were obtained with 20 
per cent homogenates prepared in Krebs-Ringer phosphate (pH 7.3) and 
the incubation mixtures contained vitamin Bye as indicated. Part of the 
buffer was replaced by 0.5 ml. of a solution, adjusted to pH 7.3, which pro- 
vided 0.3 mg. of ATP, 0.7 mg. of a-ketoglutaric acid, 0.1 mg. of DPN, 0.05 
mg. of folinic acid (leucovorin), 0.05 mg. of folic acid, and 0.7 mg. of as- 


TaBLeE III 
Effect of Different Levels of Vitamin B,2 on Synthesis of Labile Methyl Groups in Vitro 


Addition of vitamin Bis, y per ml. of incubation 


mixture y methionine formed per gm. liver 


0 0 
0.1 50 
1.0 55 
10.0 75 


For the incubation procedure see the text. The amount of methionine present 
when no vitamin B;2 had been added to the incubation mixture was arbitrarily re- 
ferred to as zero. 


TABLE IV 
Requirements for Synthesis of Labile Methyl Groups in Vitro 
Additions | y methionine formed per gm. liver 

+ ATP + a-ketoglutarate........... 47 

folinic acid + folic acid + ascorbic acid......... 40 


The amount of methionine present when no additions had been made was arbi- 
trarily referred to as zero. 


corbic acid per ml. of incubation mixture. The mixtures were incubated 
for 30 minutes at 37°, after which homocysteine was added and the incu- 
bation was continued for another 2 to 3 hour period. The observation that 
only 0.1 y of vitamin By. was needed to give an increase in the synthesis 
of methionine suggested a catalytic réle for the vitamin. 

In subsequent experiments, as indicated in Table IV, vitamin By and 
. the “energy donors” (ATP and a-ketoglutarate) were found to be necessary 
for this synthesis of methionine. The other components of the incubation 
mixture listed in the preceding paragraph had no effect. Further obser- 
vations indicated that the addition of serine to the incubation mixture and 


| 

I 

| 

n 

V 

h 

0 

| a 

| p 

t 

| cl 

ee 

m 

t 


ERICSON, HARPER, WILLIAMS, AND ELVEHJEM 65 


the use of anaerobic conditions for the 30 minute incubation period were of 
some benefit in increasing the formation of methionine. Also the total in- 
cubation period could be reduced to 1 hour without appreciably decreasing 
the yield. 

Although the amount of methionine formed was rather small to be esti- 
mated accurately by the nitroprusside reaction and was found to vary from 
one trial to another, an increase in methionine after incubation of homoge- 
nates with vitamin B,. was observed in thirty consecutive trials with differ- 
ent homogenates for each trial. 


DISCUSSION 


The relatively small decrease in the growth rate of the rats, when vita- 
min By. was omitted, indicates that the deficiency was not severe. The 
difficulty in obtaining a severe vitamin By. deficiency under these condi- 
tions is probably due to the tenacious manner in which vitamin By» is held 
by the liver (11) and to some vitamin By. becoming available from mi- 
crobial synthesis in the intestine. However, the results of the present 
study are in agreement with previous observations (2-5) that a decrease in 
the activity of betaine-homocysteine transmethylase occurs in the livers of 
rats fed a diet deficient in vitamin By. 

The evidence presented suggests a close relationship between the co- 
factor of betaine-homocysteine transmethylase and vitamin Bye, but it is 
not yet possible to state whether vitamin By actually constitutes part of 
the cofactor. A direct relationship between enzyme activity and vita- 
min By content was not detected in enzyme fractionation experiments (1) 
and a highly purified cofactor preparation from pig liver showed no 
vitamin By spectrum and could not replace vitamin Bis for the growth of 
vitamin By2-requiring microorganisms (unpublished data). It is thus pos- 
sible that the effect of vitamin By on the transmethylase is indirect. 

Most authors who have concluded that vitamin By is concerned only 
with the synthesis of methyl groups did not measure the activity of betaine- 
homocysteine transmethylase, but based their conclusions on the results 
of growth experiments. In view of the lack of correlation between growth 
and transmethylase activity (see Fig. 1 and Ericson and Harper (9)), the re- 
sults of Young et al. (12) do not exclude the possibility that vitamin By 
plays a role in the formation of betaine-homocysteine transmethylase in 
the chick. This is particularly so because cofactor preparations from 
chick liver have been found to activate rat liver apoenzyme preparations 
(unpublished data). 

In the experiments of Stekol (13), in which low protein diets were used, 
it seems likely that the utilization of methyl-labeled betaine for the for- 
mation of methionine would be limited primarily by the concentration of 
the apoenzyme (9) and that the relatively small effect of a simple vita- 
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min By. deficiency would therefore be masked. In other studies in which 
labeled compounds were administered to rats (14) it was concluded that 
vitamin By. was without effect on certain transmethylations, but the data 
do not provide any information concerning transmethylation between be- 
taine and methionine. It must be remembered that two types of trans- 
methylation occur in animals: one via ‘‘active methionine” and the other 
via the system discussed in the present paper. 

Since the cofactor preparations from chick, pig, and rat liver trans- 
methylases appear to be interchangeable and since vitamin By. is an essen- 
tial dietary constituent for each of these species, it is difficult to account 
for the observations of Mistry et al. (5) who reported that the betaine- 
homocysteine transmethylase activity of pigs and chicks fed diets deficient 
in vitamin B,2 was not decreased. It is possible that the vitamin Bye re- 
quired for the maintenance of this system is firmly bound and is not de- 
pleted sufficiently, as a result of a simple vitamin By), deficiency, to produce 
a measurable decrease in the transmethylase activity in all species. It 
may be of interest here to note that the conversion of tryptophan to liver 
pyridine nucleotides in the rat was found to be unaffected by a simple 
dietary deficiency of pyridoxine, although a severe growth depression oc- 
curred. However, when deoxypyridoxine was fed with the pyridoxine- 
deficient diet, the rdle of pyridoxine in this conversion was demonstrated 
(15). 

The fact that, in rats receiving iodinated casein, no effect of dietary vita- 
min By on liver betaine-homocysteine transmethylase activity could be 
detected deserves further investigation in view of the decrease observed by 
Oginsky (2), when vitamin By. was omitted from a diet containing thyroid 
powder. It should be pointed out that, besides the difference in the 
thyroid-active material employed in these two investigations, the rats 
used by Oginsky were maintained on the experimental diets for a much 
longer period and were given vitamin By» by injection. 

The effect of vitamin By, in vitro, on the synthesis of methionine in the 
absence of added methyl! donors is of interest in view of the reports (14, 16) 
that vitamin By influences the synthesis of labile methyl groups. The ob- 
served effect of vitamin By. on the activity of betaine-homocysteine trans- 
methylase, taken together with its effect on the synthesis of labile methyl 
groups, indicates that vitamin By. plays two distinct réles in the metabo- 
lism of methionine and, therefore, indirectly in the synthesis of many other 
methyl-containing compounds (17). 


SUMMARY 


Changes in the rate of growth, in the vitamin By» content, and in the 
betaine-homocysteine transmethylase activity of the liver were followed at 
intervals over a period of 10 weeks in rats fed a diet deficient in vitamin 
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Biz. The liver betaine-homocysteine transmethylase activity of rats fed 
the vitamin By.-deficient diet was consistently lower than that of control 
rats. The addition of a cofactor preparation to liver homogenates from 
rats fed the deficient diet raised the transmethylase activity to a value equal 
to that of the controls. 

When liver homogenates from rats fed the vitamin By2-deficient diet 
were incubated with vitamin Bie, an energy source, and homocysteine, in 
the absence of added methyl donors, the synthesis of methionine could be 
detected. 

It is concluded that in the rat vitamin Bye influences the synthesis of 
methionine through its effects both on the formation of the cofactor of 
betaine-homocysteine transmethylase and on the de novo synthesis of labile 
methyl groups. 


The authors wish to thank the Wisconsin Alumni Research Foundation, 
Madison, Wisconsin, for the vitamin By analyses, Dr. H. P. Broquist, 
Lederle Laboratories Division, American Cyanamid Company, Pear] River, 
New York, for a gift of leucovorin, and Merck and Company, Ine., Rah- 
way, New Jersey, for a gift of the vitamins used in these studies. 
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DISTRIBUTION OF STEROID-38-OL-DEHYDROGENASE IN 
CELLULAR STRUCTURES OF THE ADRENAL GLAND* 


By KLAUS F. BEYER anp LEO T. SAMUELS 


(From the Department of Biological Chemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) 


(Received for publication, May 6, 1955) 


In an earlier paper Samuels et al. (1) described a steroid-36-ol-dehy- 
drogenase present in those endocrine tissues which form non-benzenoid 
steroid hormones. Diphosphopyridine nucleotide (DPN) was required as 
cofactor. The adrenal cortex was the most active tissue. In the present 
work the distribution of the enzyme in intracellular structures of the 
adrenocortical cells was studied. 


EXPERIMENTAL 


All manipulations of adrenal tissue were carried out at 0—5° until the 
various fractions were ready for incubation. Fresh beef adrenal glands 
were obtained on the killing floor of a local slaughter-house and immedi- 
ately chilled with ice. They were then decapsulated. The major por- 
tion of the medulla was sliced from the cortex discarded, and the remainder 
of the gland minced with a razor blade mincer. The minced tissue was 
then homogenized in a hand homogenizer; a Waring blendor inactivated 
the enzyme. 

Separation of the nuclear, mitochondrial, and small particulate (micro- 
somal) fractions was carried out by the technique of Schneider and Hoge- 
boom (2) with slight modifications. The separation of the microsomal 
and mitochondrial fractions was most efficiently performed by the follow- 
ing procedure. After decanting the supernatant fluid from the precipitate 
centrifuged at 9000 X g, the centrifuge cup containing the mitochondrial 
sediment and an upper fluffy layer was held by a clamp in a partially in- 
verted position for 5 minutes in the cold. The fluffy layer then slid from 
the coarser sediment. It was easily removed by means of a syringe and 
returned to the decanted fluid for recentrifuging at 24,000 K g. Routinely 
this centrifugal force was used for 2 hours to precipitate the small particu- 
late layer because this was the maximal force achieved by the high speed 
head in the International refrigerated centrifuge. It was recognized, 
however, that this was insufficient to precipitate all particulate matter; 


* This work was supported in part by research grants from the National Cancer 
Institute of the National Institutes of Health, Public Health Service, from the 
American Cancer Society upon recommendation of the Committee on Growth of the 
National Research Council, and from Armour and Company, Chicago, Illinois. 
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relatively complete deposition was obtained when a force of 105,000 X g, 
as used by Schneider and Hogeboom (2), was employed for 90 minutes. 
On the basis of ordinary and phase contrast microscopy, it was found that 
no fraction was completely uncontaminated by others, except the precipi- 
tate at the high gravitational force which had remained suspended after 
centrifuging at 24,000 X g; in this case, only very small particles with no 
clear organization were obtained. 

When the fractions were tested for 38-ol-dehydrogenase activity, 2 
umoles of A®-pregnen-36-ol-20-one were placed in each incubation flask 
and dissolved in 0.2 ml. of propylene glycol. The fraction to be tested, 
suspended in 20 ml. of a solution made up of 1 part bovine serum and 1 
part Krebs-Ringer-bicarbonate buffer, pH 7.4 (3), containing 0.04 m 
nicotinamide and 0.4 mm DPN, was then added to the flask. In addition 
to the test flasks containing the complete system, three types of controls 
were run: flasks in which all components except the substrate were added, 
flasks containing all components but the source of enzyme, and flasks 
containing no enzyme to which 2 wmoles of progesterone were added in- 
stead of pregnenolone. All incubations were run either in duplicate or in 
triplicate, and two levels of each enzyme fraction were used. All flasks 
were brought into equilibrium with an atmosphere of 95 per cent Oz and 
5 per cent COs, and incubated for 1 hour at 37°. The enzymic process 
was stopped by boiling. 

The contents of each flask were then extracted with 6 portions of 20 
ml. of ethyl ether, evaporated to dryness, dissolved in heptane (Skelly- 
solve C), chromatographed on aluminum oxide, and partitioned between 
heptane and 70 per cent ethanol, as previously described (4). 

The amount of conversion of pregnenolone to progesterone was deter- 
mined by estimating the absorption having a maximum at 2400 A with 
ethanol as solvent. For determination of absorption in the extracts from 
flasks containing tissue, the controls to which tissue but no substrate had 
been added were used as blanks. Curves typical of a,8-unsaturated 
ketones were obtained; there was no evidence of broadening of the peak 
to 2480 A, the region of absorption for the A5-3-ketones (5). The results 
are tabulated as units of enzyme. A unit is considered to be the activity 
required to oxidize 0.1 wmole of A*-pregnen-38-ol-20-one in 3 hours at 
37° under the conditions described. 


Results 


The control flasks to which only pregnenolone and no tissue had been 
added were negative for a,8-unsaturated ketones in all experiments. 
Flasks to which 2 wmoles of progesterone had been added instead of preg- 
nenolone gave 90 to 100 per cent of the theoretical recovery with an average 


H 

N 
M 

Sc 

M 
| Re 

en 

in 

th 

na 

in 

We 

un 

for 

wa 
pro 


T- 


K. F. BEYER AND L. T. SAMUELS 71 


of 93.6 per cent for the entire series of experiments. This was considered 
a satisfactory over-all recovery. 

From the data in Table I it can be seen that the microsomal fraction 
showed the highest proportion of enzymic activity and much the highest 
activity per mg. of nitrogen. Phase contrast microscopy plus histological 
staining revealed that the nuclear fraction contained a few small particles 
and whole cells which could account for the enzymic activity. A con- 
tamination of the mitochondrial fraction with microsomes and of micro- 
somes with the mitochondrial fraction was also observed, the latter, how- 
ever, to a much smaller extent. Microsomal particles were likewise seen 


TABLE I 
Distribution of 38-ol-Dehydrogenase Activity among Intracellular Structures 
Enzymic activity 
Tissue 
Original tissue | N 
units per gm. per cent units per “ 
Homogenate in 0.25 M sucrose + 
0.0018 m CaCls.................. 831 100 26 
Nuclear fraction. ................. 220 26 27 
Mitochondrial fraction............ 104 12 41 
Soluble fraction................... 117 14 17 
Microsomal fraction............... 323 39 119 


A 10 per cent adrenal homogenate was centrifuged as outlined, and the units of 
enzyme per gm. of tissue and per mg. of N were determined. 


in the final supernatant fluid. The activity measured in these fractions, 
therefore, could be due to microsomes. 

To establish contamination as the cause of the activity in the super- 
natant layer from the centrifugation at 24,000 X g, it was recentrifuged 
in a refrigerated centrifuge at 105,000 = g for 14 hours. The clear fluid 
was drawn off and the precipitate was resuspended in 0.25 m sucrose. 
Both fractions, as well as aliquots of the supernatant layer after 24,000 x 
g, were incubated with pregnenolone and the enzymic activity measured 
by the formation of the a,6-unsaturated ketone. Of 391 enzyme units 
per gm. of original tissue in the solution before ultracentrifugation, 310 
units were in the packed precipitate (microsomes) and only 32 units were 
found in the clear solution. 

Nuclei were also prepared by the method of Dounce (6). This method 
was used since the pH of 6.0 would not inactivate the enzyme during the 
procedure. Aliquots of the nuclear fraction were taken off after the sec- 
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ond, fourth, sixth, and seventh washings and were analyzed for enzymic 
activity and ribonucleic acid (RNA). Since microsomes have a high con- 
tent of RNA while that of the nucleus is low, it was anticipated that, if 
the activity in the nuclear fraction were due to contamination with small 
particles, the enzymic activity would fall to zero when the RNA fell to a 
constant low level. The determinations of RNA were made by the colori- 
metric method of Schneider (7). As can be seen in Fig. 1, the enzymic 
activity decreased parallel to the RNA content and fell below measurable 
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WASHES 


Fic. 1. Parallel fall in ribonucleic acid and 38-ol-dehydrogenase activity on 
repeated washing of the nuclear fraction. Nuclei were prepared from adrenal ho- 
mogenate by the method of Dounce, and the 38-ol-dehydrogenase activity as well as 


RNA content was determined. The ordinate consists of units of enzyme activity as 


defined in the text. 


levels when the RNA concentration reached that to be expected from the 
nucleus alone. 

In contrast to the results with the nuclear fraction, six successive wash- 
ings of the small particulate fraction did not lead to a comparable decrease 
of enzymic activity (Table II). The binding of the enzyme to the small 
particulate matter of the adrenals must, therefore, be quite strong. 

Microsomes have also been shown to contain large amounts of lipopro- 
tein. The following experiment was undertaken to test the possibility 
that the 38-ol-dehydrogenase is lipoprotein in nature. A 0.05 per cent 
Tween 80 (sorethytan(20) monooleate) solution was prepared in 0.25 
sucrose, and the pH was adjusted to 7.4 by means of phosphate buffer. 
Homogenates of the same adrenal tissue were prepared both in this me- 
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; dium and in the usual 0.25 m sucrose solution containing calcium chloride. 
; Both were separated according to the original procedure, except that the 
; centrifugation at 9000 X g was omitted. The small particulate fraction 
4 II 
- Effect of Repeated Washing on 38-0l-Dehydrogenase Activity of Small 
¢ Particulate Fraction 
e The small particulate fraction, containing mitochondria and microsomes ob- 
tained by centrifugation of Supernatant Fluid 1 at 20,000 X g for 30 minutes, was 
washed with 0.25 m sucrose six times. It was stored for 2 hours at 5° before each 
centrifugation at 20,000 < g for 30 minutes. 
| Original tissue 
| unils per gm. 
Small particulate fraction before wash...................... | 486 
Small particulate fraction after 6 washes................... 294 
* The loss in total recovery is thought to be due to enzyme destruction during 
the repeated washing and storing procedures. 
on Taste III 
> 5 Comparison of Homogenates of Same Tissue Prepared in 0.25 m Sucrose 
as with and without Detergent Tween 80 
as 
Preparation in 
Tissue 
Tween 80 + sucrose’ Sucrose only 
he 
units per = unils per em. 
adrena adrenal 
h- 986 904 
se Nuclei before washing*........................0.. 221 219 
Washes 1 to 3 of nuciei........................... 232 53 
od Small particles before washing (mitochondria and 
nt Small particles after washing ................... 9 303 
: * Each fraction was washed four times with the medium in which the original 
- homogenate had been prepared. In one case this was 0.25 m sucrose containing 0.05 
ne- per cent Tween 80 and in the other 0.25 m sucrose only. 
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thus contained both mitochondria and microsomes. The nuclear and 
small particulate fractions were each washed four times with portions of 
the same medium in which the original homogenate had been prepared. 
The particulate fractions before and after washing and the washings from 
the nuclei were then analyzed for enzymic activity. The results are given 
in Table III. It is obvious that the detergent markedly increased the 
ease with which the enzyme was released from the nuclear surface. It 
also greatly lowered the activity of the small particles. 

Another experiment was therefore carried out with a homogenate in the 
Tween 80-sucrose medium. The fractions were separated in the same 


TaBLe IV 
Influence of Detergent on Distribution of 38-ol-Dehydrogenase Activity in 
Small Particulate Fraction of Adrenal Homogenate 
A 10 per cent homogenate was prepared with 0.25 m sucrose and 0.05 per cent 
Tween 80. After centrifugal fractionation at 800 X g and 24,000 & g, the small par- 
ticles were washed three times with the sucrose-Tween 80 medium. 


| Activity 
Tissue | 
Original tissue | N 
unils per gm. | unils per mg. 
Supernatant 3 (soluble fraction)............ | 115 12 
Small particles before wash*................ 287 35 
as os after 3 washes .............. | 31 | 3 
77 | 49 
% activity in small particles accounted for | 


* The small particulate fraction contained both mitochondria and microsomes. 


way. An aliquot of the small particulate material was taken for enzyme 
assay, and the balance was subjected to three successive washings in the 
detergent medium. The washed particles and washings were then assayed. 
As seen in Table IV, it appears that the Tween 80 increased the solubility 
of the enzyme but also tended to inactivate it. The inactivation may 
have been due either to separation of lipide from the protein of the enzyme 
or to the effect on the configuration of the protein itself. 


DISCUSSION 


The cellular distribution of enzyme systems involved in the synthesis 
of adrenocortical hormones has been studied in different laboratories. 
Plager and Samuels (8) reported the transformation of progesterone to 
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17a-hydroxy-11-deoxycorticosterone by the sequential action of two en- 
zyme systems, both of which were found in the supernatant fraction after 
centrifugation of an adrenal homogenate at 20,000 X g for 30 minutes. 
Sweat (9) described an enzyme in the fraction separated from adrenal 
homogenates between 2000 X g and 19,000 « g which hydroxylated the 
above compound to 17a-hydroxycorticosterone (cortisol). Hayano and 
Dorfman (10) have demonstrated that this enzyme is probably mitochon- 
drial in nature. In the present studies the 38-ol-dehydrogenase has been 
found to be associated with the microsomal fraction. This accounts for 
the distribution of all the enzymes involved in the conversion of A®-pregnen- 
38-ol-20-one to corticosterone and cortisol. The earlier steps in adrenal 
hormone synthesis have not been worked out in detail and therefore can- 
not be localized. 

This distribution of the different enzymes leads to a hypothesis for the 
mode of interaction of these enzymes in steroid metabolism. The 36-ol- 
dehydrogenase as a constituent of the small lipoprotein particles would, 
tend to come into contact with a pregnenolone molecule formed front 
cholesterol at a lipide-water interphase. In turn, the 17- and 21-hydroxyl- 
ases dissolved in the cytoplasm could reach the progesterone at the sur- 
face of the small particle. After these oxidations the solubility of the 
steroid molecule would be sufficiently increased to permit diffusion into 
the mitochondria, where the 118-hydroxylase would exert its action. This 
reaction, which probably involves multiple steps, requires energy from 
the cyclophorase system and is therefore ideally located in the same par- 
ticle. 

Talalay and Dobson (11, 12) described a bacterial dehydrogenase which 
oxidizes 38- and 178-hydroxysteroids. Both their enzyme and the adrenal 
38-ol-dehydrogenase require DPN as hydrogen acceptor. However, they 
present evidence which indicates that the bacterial enzyme is either free 
in solution or easily dissolved in phosphate buffer. This was not true of 
the adrenal preparation. It seems, therefore, that the two enzymes either 
differ in their physical characteristics or are basically very similar, but 
their solubilities differ because of the other molecules present in the cell. 


The authors wish to express their appreciation to Dr. R. O. Recknagel 
and Dr. R. Lumry for their advice, criticism, and cooperation. 


SUMMARY 


1. By using a suitable centrifugation method for differential fractiona- 
tion of adrenal cell components (nuclei, mitochondria, and microsomes), it 
was found that the microsomal fraction contained the highest steroid-36- 
ol-dehydrogenase activity. Further experiments indicated that the ac- 


1d 

of 

1. 

m 

e 

It 

1e 

nt | 

ir- | 

1e 

he 

ty 

y 

1€ 


76 38-OL-DEHYDROGENASE IN ADRENAL CELLS 


tivity of the other fractions could be ascribed to microsomes present. The 


binding of the enzyme to the small particles appears quite strong, since | 


six successive washings could not remove the activity. 

2. Studies with Tween 80 indicate that the solubility of the enzyme was 
increased thereby, which may mean that the basic structure of the 38-ol- 
dehydrogenase molecule is that of a lipoprotein. The Tween 80, however, 
also seemed to inactivate the enzyme. 

3. A hypothesis of the mode of interaction of the different enzymes 
acting on the steroids, based on their distribution in the cell, is introduced. 


BIBLIOGRAPHY 


1. Samuels, L. T., Helmreich, M. L., Lasater, M. B., and Reich, H., Science, 113, 490 
(1951). | 
2. Schneider, W. C., and Hogeboom, G. H., J. Biol. Chem., 183, 123 (1950). 
3. Umbreit, W. W., Burris, R. H., and Stauffer, J. F., Manometrie techniques and 
related methods for the study of tissue metabolism, Minneapolis (1945). 
. Samuels, L. T., J. Biol. Chem., 168, 471 (1947). 


. Pearlman, W. H., Cerceo, E., and Thomas, M., /. Biol. Chem., 208, 231 (1954). © 


. Schneider, W. C., J. Biol. Chem., 161, 293 (1945). 
. Plager, J. E., and Samuels, L. T., Arch. Biochem. and Biophys., 42, 477 (1953). 
. Sweat, M. L., J. Am. Chem. Soc., 73, 4056 (1951). 

10. Havyano, M., and Dorfman, R. I., J. Biol. Chem., 201, 175 (1953). 

11. Talalay, P:, and Dobson, M. M., Nature, 170, 620 (1952). 

12. Talalay, P., and Dobson, M. M., J. Biol. Chem., 206, 823 (1953). 


4 
5 
6. Dounce, A. L., J. Biol. Chem., 147, 685 (1943). 
7 
9 


| 
d 
p 
| 
| is 
p 
th 
re 
al 
| 
| ta 
wi 
to 
to 
| m 


rt). 


THE FORMATION OF AMYLASE BY MOUSE PANCREAS 
IN VITRO 


By MABEL R. HOKIN* 
(From the Research Institute, the Montreal General Hospital, Montreal, Canada) 


(Received for publication, June 15, 1955) 


It has been shown previously that slices of pigeon pancreas synthesize 
amylase, lipase, and ribonuclease when incubated under appropriate con- 
ditions (1-3). The purpose of the present work was to develop a system 
whereby the effects of treatment of animals on the synthesis of specific 
protein might be studied in vitro under controlled conditions. Pigeon 
pancreas is not very amenable to this type of study because of the wide 
variation in enzyme content from one animal to another. Mouse pan- 
creas was found to be well suited to this work; the pancreases of mice 
carefully selected as to type, sex, and weight behave in a reasonably con- 
sistent fashion from one animal to another with respect to digestive en- 
zymes. Mouse pancreas is a discreet rather than a diffuse organ and is 
easy to locate, since it lies alongside the spleen. A very great advantage 
is that it is thin enough to incubate without slicing. 

Studies on the synthesis of amylase in vitro and also on the secretion 
(active extrusion) of amylase in vitro under various conditions are reported. 
Several points of difference were observed between the response of mouse 
pancreas and that of pigeon pancreas to various conditions. The results 
throw some doubt on the assumptions which have sometimes been made 
regarding the effects of feeding and fasting on the rates of enzyme synthesis 
and secretion in the mouse pancreas. 


EXPERIMENTAL 


Female albino mice weighing either 20 to 25 gm. or 25 to 30 gm. were 
used. ‘They were either ordinary laboratory animals bred in this Institute, 
which are referred to as laboratory type, or of the inbred CF-1 strain from 
Carworth Farms, Inc., New City, New York. The animals were main- 
tained on a diet of Purina fox chow and water. 

Preparation and Incubation of Mouse Pancreas—Except where other- 
wise stated, the enzyme level in the pancreas was depleted by intraperi- 
toneal injection of 1 mg. of pilocarpine in 0.1 ml. of water 12 hours prior 
to sacrifice. Since enzyme synthesis in vitro is measured by difference, 
more reliable results are obtained if the initial level of the enzyme in the 


* Research Fellow, National Cancer Institute of Canada. Present address, De- 
partment of Pharmacology, McGill University, Montreal. 
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pancreas is lowered in this way. The mice were killed by decapitation, 
and the pancreas was removed and placed in a chilled dish. The condi- 


tions used for studying the synthesis of amylase in vitro were similar to | 


those described previously for pigeon pancreas slices (1, 2). Because it is 
sufficiently thin and spongy, mouse pancreas need not be sliced in order to 


obtain adequate oxygenation; the incubated, unsliced organ has the same | 


Qo, as slices.'. The excised glands were simply cut into two approximately 
equal portions with scissors, one portion for determination of the initial 
amylase level and one portion for incubation. In order to insure consistent 
results, it was found advisable to pool the halved glands from six animals; 
this gave approximately 300 mg. of tissue per vessel. The glands were 
incubated in 6 ml. of Krebs-Henseleit bicarbonate saline (4) with added 
glucose (67 ymoles) and pyruvate (120 umoles) for 3 hours at 37° in conical 
50 ml. stoppered flasks with shaking. 0.2 ml. of 4 per cent acid-hydrolyzed 
casein supplemented with 0.4 mg. per ml. of L-tryptophan was added as 
indicated. 

Estimation of Amylase—Amylase estimations were carried out on the 
initial samples and on the incubated tissue and medium as described pre- 
viously (1, 2). Control tissue, incubated tissue, and diluted medium were 
stored overnight in the frozen state. The tissues were ground and assayed 
for amylase activity the following day. The extracts of the control tissue 
and incubated tissue were always diluted to the same extent, and the ali- 
quots were incubated with starch for the same length of time. Equivalent 
aliquots of medium and tissue extract were pooled for estimation of final 
amylase activity after incubation. In some experiments in which enzyme 
extrusion was being studied as well as amylase synthesis, the medium was 
assayed separately for amylase activity. The difference between the ini- 
tial amylase level and the sum of final tissue and medium levels gives the 
amount of amylase synthesized during incubation. All units are expressed 
as the units of Smith and Roe (5) per mg. of fresh weight of tissue. 


RESULTS AND DISCUSSION 


Amylase Synthesis in Vitro in Mouse Pancreas—After depletion of the 
pancreas with 1 mg. of pilocarpine injected intraperitoneally 12 hours 
prior to sacrifice, the amylase activity of the pancreas of fed mice rose an 
average of 50 to 60 per cent during a 3 hour incubation period (Table I). 
During anaerobic incubation no increase in amylase activity occurred; 
10~-* m 2,4-dinitrophenol, which inhibits the utilization of energy, inhibited 
the increase in activity by 90 per cent (Table II). The processes leading 
to the increase in amylase activity observed in vitro appear therefore to 
require energy, indicating that the increase is dependent upon synthetic 


1R. Schucher, thesis, McGill University (1954). 
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processes. The activation of known zymogens such as trypsinogen does 
not require a source of energy (6). 

The increases during the 3 hour incubation period (Table I) represent a 
synthesis of amylase of 8.1 and 9.3 units per mg. of dry weight per hour for 
the laboratory type and the CF-1 strain, respectively. On the assump- 
tions previously made with respect to the synthesis of amylase in pigeon 


TABLE I 
Synthesis of Amylase in Vitro in Pancreas of Fed Mice 
Initial amylase level, units per mg. Amylase synthesis, wate pe mg. wet 
wet weight weight per 3 hrs 
Typefof mouse 

No. of No. of 

Mean | S.e.m. Range obser- | Mean | S.e.m. Range obser- 
vations vations 

Laboratory.......... 10.2 | 0.9 | 7.0-16.4 | 10 6.7 | 0.8 | 3.8 8.8 7 

14.4 0.9 | 9.9-20.1 11 7.0 | 0.9 | 3.4-10.8 6 


S.e.m. = the standard error of the mean. Each observation was obtained from 
the pooled pancreatic glands of six mice. All the mice were injected with 1 mg. of 
pilocarpine hydrochloride in 0.1 ml. of water 13 hours prior to sacrifice. Incubations 
were carried out in Krebs-Henseleit bicarbonate saline with added glucose and py- 
ruvate for 3 hours at 37°. 


TaBLe II 
Effect of Anaerobic Incubation and 2,4-Dinitrophenol on Amylase Synthesis in Vitro 
Amylase, units per mg. wet weight 
—— Gas phase Addition to vessel 

Initial Final Synthesis 

1 + 7% CO: 15.7 21.0 5.3 

+ 7% 16.1 15.5 —0.6 

2 O2.+7% 12.0 18.8 6.8 

10-4 m 2,4-dinitrophenol 9.9 10.7 0.8 


CF-1 mice were used. Other conditions were as in Table I. 


pancreas slices (1), this would give an average rate of synthesis of amylase 
by mouse pancreas in vitro under these conditions of approximately 2.2 + 
of amylase per mg. of dry weight of tissue per hour. This is about half of 
the rate found for pigeon pancreas slices incubated under similar condi- 
tions (1). 

Amylase synthesis in vitro in the pancreas of fed mice was not increased 
by the addition of amino acids. Mouse pancreas differs in this respect 
from pigeon pancreas slices (1, 2). In the pancreas from fasted mice the 
addition of amino acids consistently caused a small increase (about 25 per 
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cent) in the amount of amylase synthesized in vitro (Table III). The 
concentrations of amino acids in the pancreas of fed mouse appear to satisfy 
the needs for maximal amylase synthesis in vitro. 

Effects of Cholinergic Drugs on Synthesis of Amylase—The injection of 
1 mg. of pilocarpine 1? hours prior to sacrifice reduced the level of amyl- 
ase in the mouse pancreas by approximately 50 per cent. This injection 
of pilocarpine did not affect the rate of amylase synthesis in vilro in the 
pancreas of fed mice. It has been shown previously (1) that incubation 
with cholinergic drugs does not increase amylase synthesis in vitro in pig- 
eon pancreas. The same is also true for mouse pancreas; in fact, when 
mouse pancreas was incubated with carbamylcholine (5 & 10~° m), there 
was usually some inhibition of amylase synthesis. 


TaB_e III 


Effect of Amino Acids on Amylase Synthesis in Vitro in Pancreas of Fed 
and Fasted Mice 


Initial amylase, Amylase synthesis, 

Nutritional status units per mg. wet Addition to vessel units per mg. wet 

weight weight per 3 hrs. 
20.1 Amino acids* 10.9 
| 6.2 7.3 


Food was removed from the cages of fasted mice 24 hours prior to sacrifice. CF-1 
mice were used. Other conditions were as in Table I. 
* 0.2 ml. of 4 per cent casein hydrolysate (supplement with tryptophan) per 6 ml. 


of medium. 


Although the synthesis of amylase in vitro was not immediately in- 
creased by cholinergic drugs, there was a delayed effect which was probably 
more in the nature of a rebound phenomenon rather than a response to 
the drug per se. 24 hours after injection of 7.5 y of carbamylcholine intra- 
peritoneally, the level of amylase in the pancreas was 30 per cent higher 
than in the control, and the amount of amylase synthesized in vitro was 
45 per cent greater than the control (Table IV). 

Secretion (Active Extrusion) of Amylase by Mouse Pancreas in Vitro and 
Relationship between Enzyme Synthesis and Enzyme Secretion—Mouse 
pancreas lost enzyme to the medium during incubation. This loss was 
considerably greater during aerobic incubation than under anaerobic con- 
ditions or in the presence of 2,4-dinitrophenol (10-4 m). Most of the 
amylase found in the medium after aerobic incubation appeared, there- 
fore, to have been extruded by an energy-requiring process rather than to 
have been lost from the cell by passive diffusion from intact or damaged 


tisfy 


n of 
myl- 
tion 

the 
tion 
pig- 
hen 
here 


hrs. 


M. R. HOKIN 81 


cells. The amount of amylase lost to the medium under anaerobic condi- 
tions was not estimated in all the experiments. However, in the experi- 
ments in which it was estimated, it was found that under all the conditions 
used (fed or fasted mice, without and with prior administration of pilocar- 
pine) this passive loss was proportional to the initial level of amylase in 
the tissue, the loss being approximately 20 per cent of the amount of amyl- 
ase present initially. Accordingly, it was possible to obtain an estimate 
of the amount of amylase actively secreted by subtracting this fraction 
(0.2 of the initial amylase content of the tissue) from the amylase found in 
the medium. Similarly, by adding this fraction to the final amylase con- 
tent of the tissue, an estimate was obtained of the theoretical tissue level 
of amylase at the end of incubation; 7.e., the tissue level which would have 


TABLE IV 
Effect of Carbamylcholine Injected 24 Hours Prior to Sacrifice on Amylase Synthesis 
in Vitro 
Initial amylase, | Amylase synthesis, 
units per mg. wet | units per mg. wet ; 
Treatment 24 hrs. prior to sacrifice weight weight per 3 hrs. Pt 
Mean | S.e.m | Mean S.e.m 


~ 7.5 of carbamylcholine chloride in 0.1 ml. were injected intraperitoneally. CF-1 
fed mice were used. Other conditions were as in Table I. 


been observed if there had been no passive leakage. These corrections 
were used in compiling the data of Table V, which are discussed below. 

Secretion (active extrusion) occurred from the pancreas of both fed mice 
and mice fasted 24 hours, irrespective of whether pilocarpine had been 
previously administered or not, but was greater from the pancreas of mice 
which had received pilocarpine 12 hours prior to sacrifice. Secretion of 
amylase occurred to approximately the same extent from fasted animals 
as it did from pancreas of fed animals. This suggests that in pancreas of 
the mouse there is a considerable pancreatic secretion of enzymes which is 
carried on in the absence of stimulation either by feeding or by parasym- 
pathetic activity. Feeding may therefore not be as great a stimulation to 
secretion in this species as has been previously supposed (7-9). 

The levels of amylase in the pancreas can give no indication of the 
absolute rates of synthesis and secretion of the enzyme; changes in the 
levels can, however, give some indication of the relative rates of these two 
processes. Three conditions may be seen. (a) The level of amylase may 
remain fairly constant, indicating that the amount of enzyme synthesized 
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over any given period of time is equal to the amount of enzyme secreted 
during the same period. This state is found in the normal fed mouse. (b) 
The level of amylase may fall, indicating that secretion is exceeding syn- 
thesis. This state is found immediately after the administration of cho- 
linergic drugs and during fasting. (c) The level of amylase may rise, in- 
dicating that the amount synthesized is greater than the amount secreted. 
An example of this state is the recovery period, which begins several hours 
after the administration of cholinergic drugs. The above comments refer 
to states found in vivo. When amylase synthesis and secretion were meas- 
ured tn vitro, similar relationships were found between the amount of en- 


TABLE V 
Secretion (Active Extrusion) of Amylase by Mouse Pancreas in Vitro 
Amylase, uni . Amylase, uni 
weight | wet weight pera | 
Nutritional status Pilocarpine Sowa, | 
32.8 33.0 | 7.4 7.6 2 
5 OTD 1 mg. 14.8 12.5 | 10.9 8.8 4 
None 18.8 21.3 9.3 11.9 2 
| 1 mg. 6.7 18 12.9 8.0 2 


* (0.2 fraction of the initial tissue level subtracted from amylase estimated in the 
medium and added to the observed final tissue amylase (see the text). 

1 mg. of pilocarpine hydrochloride in 0.1 ml. was injected intraperitoneally 1} 
hours prior to sacrifice, as indicated. Food was removed from the cages of fasted 
mice 24 hours prior to sacrifice. CF-1 mice were used. Other conditions were as in 
Table I. 


zyme synthesized and the amount secreted (Table V). In the normal fed 
mouse the two processes were carried on at an equal rate in vitro; after 
administration of pilocarpine 12 hours prior to sacrifice, secretion exceeded 
synthesis in vitro in both fasted and fed animals. An exception was found 
in the pancreas of fasted animals which had not received pilocarpine. 
Here, the in vitro results showed a net increase in tissue amylase during 
incubation. The reverse must be true in vivo, since, as has been previously 
reported (7, 9), the amylase content of the mouse pancreas falls during a 
24 hour fast. (This is quite different from results with pigeons, in which 
the enzyme content of the pancreas increases considerably during a 24 
hour fast.) The extent of the depletion in vivo in mouse pancreas (see 
Table V) indicates that over the 24 hour fasting period an average of ap- 
proximately 0.8 unit of amylase per mg. of wet weight per hour was secreted 
in excess of the amount of amylase synthesized. 
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Both the rate of synthesis and the rate of spontaneous secretion of amyl- 
ase in vitro in the pancreas of mice fasted 24 hours were approximately 
the same as in the pancreas of fed mice (Table V). If these results can be 
taken as giving some indication of the state of the pancreas in vivo, they 
suggest that there is no radical difference in the synthetic and secretory 
activity of the mouse fasted 24 hours compared with the fed animals, the 
only change being a slight swinging over of the balance between synthesis 
and secretion in favor of secretion during fasting. 


SUMMARY 


A net synthesis of approximately 9 units (Smith and Roe) of amylase 
per mg. of dry weight per hour was obtained in vitro in the unsliced pan- 
creas of fed mice. Synthesis did not take place under anaerobic conditions 
and was inhibited 90 per cent by 10~‘ mM 2,4-dinitrophenol. The addition 
of amino acids did not increase amylase synthesis in the pancreas of fed 
mice, but gave a 25 per cent increase in amylase synthesis in the pancreas 
of mice which had been fasted for 24 hours before sacrifice. 

The administration of pilocarpine 1? hours prior to sacrifice did not 
affect amylase synthesis in the pancreas of fed mice. 24 hours after the 
administration of 7.5 y of carbamylcholine in vivo, amylase synthesis in 
vitro was increased above normal. 

Secretion (active extrusion) of amylase occurred during incubation. In 
the pancreas of normal fed mice the rate of spontaneous amylase secretion 
in vitro was approximately equal to the rate of amylase synthesis in vitro. 
In the pancreas of fasted mice both the rate of amylase synthesis in vitro 
and the rate of spontaneous secretion of amylase in vitro were similar to 
the rates in the pancreas of fed animals, suggesting that in the mouse pan- 
creatic secretion (and synthesis) of enzymes is carried on spontaneously in 
the absence of stimulation either by feeding or by parasympathetic activity. 

The system was developed as a means whereby the effects of treatment 
in vivo of animals on the synthesis of specific protein might be studied in 
vitro under controlled conditions. 
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PROTEIN SYNTHESIS AND RIBONUCLEIC ACID METABOLISM 
IN MOUSE PANCREAS IN VITRO AFTER WHOLE BODY 
IRRADIATION WITH x-RAYS | 


By MABEL R. HOKIN* ann LOWELL E. HOKINT 
(From the Research Institute, the Montreal General Hospital, Montreal, Canada) 


(Received for publication, June 15, 1955) 


Several workers have been unable to find any correlation between ribo- 
nucleic acid (RNA) synthesis and the incorporation of isotopically labeled 
amino acids into tissue protein after treatment of animals with x-rays. 
In particular, Abrams (1) found that in bone marrow and intestine x-rays 
inhibited the synthesis in vivo of RNA and DNA (deoxyribonucleic acid) 
as measured by the rates of incorporation of glycine-1-C"™ into these sub- 
stances and lowered the RNA concentration, but they had little effect on 
the incorporation of glycine-1-C™ into total precipitable protein. The 
working hypothesis at-the beginning of the present investigation was that 
RNA may not be concerned with peptide bond synthesis per se as measured 
by amino acid incorporation into proteins, but that it may play a rdéle in 
the formation of specific proteins of biological activity. Thus an altera- 
tion in the structure of RNA or an interruption of its synthesis following 
large doses of x-rays might inhibit the synthesis of specific proteins but 
have little effect on amino acid incorporation into the total protein. The 
system used was the synthesis in vitro of a specific protein, the digestive 
enzyme amylase, by mouse pancreas (2). 

It was soon found that x-rays had no appreciable effects on RNA me- 
tabolism in the pancreas nor was enzyme synthesis inhibited under the 
conditions used. In fact the most interesting observation made was that 
under some conditions the rate of amylase synthesis was found to be in- 
creased 2- to 3-fold 24 hours after irradiation. 


EXPERIMENTAL 


Female albino mice weighing 20 to 25 gm. were used. They were either 
ordinary laboratory animals bred in this Institute, which are referred to as 
laboratory type, or of the CF-1 strain from Carworth Farms, Inc., New 
City, New York. The animals were maintained on a diet of Purina fox 
chow and water. 


* Research Fellow, National Cancer Institute of Canada. Present address, De- 
partment of Pharmacology, McGill University, Montreal. 

t Special Research Fellow of the National Cancer Institute, United States Public 
Health Service. Present address, Department of Pharmacology, McGill University, 
Montreal. 
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Irradiation—Batches of six or twelve mice were exposed, without anes- 
thesia, to 500 r. or 2000 r. whole body irradiation with x-rays at the rate 
of 31.5 r. per minute measured in air. A Thoraeus II filter was used. The 
x-ray tube was operated at 250 kv. at a distance of 50 cm. from the proxi- 
mal body surface. The half value layer was 2.4 mm. of copper. 

Preparation and Incubation of Mouse Pancreas—The conditions were as 
described previously (2). Except where otherwise stated, the enzyme 
level in the pancreas was depleted in vivo by injection of 1 mg. of pilocar- 
pine hydrochloride in 0.1 ml. of water intraperitoneally 12 hours prior to 
sacrifice. Control groups of six animals treated in the same way as the 
experimental groups except for the irradiation were always sacrificed along 
with the irradiated animals. 

Estimation of Amylase and RNA Concentration—Amylase estimations 
were carried out on the initial samples and on the incubated tissue and 
medium as described previously (3, 4). All units are expressed as the 
units of Smith and Roe (5) per mg. of fresh weight of tissue. The RNA 
concentration of the unincubated tissue was measured by the method of 
Schneider (6). 

Determination of Specific Activities—In isotope experiments, approxi- 
mately 50 uc. of NaH2,P*O, were added to each vessel. The net specific 
activities of the acid-soluble phosphate esters of the incubated tissue were 
determined as described previously (7). The specific activity of the RNA 
was determined either by isolation of the individual ribonucleotides after 
hydrolysis (8) or after separation of the unhydrolyzed RNA and DNA by 
ionophoresis on paper, as follows. After extracting the nucleic acids with 
NaCl and precipitating with ethanol (9, 8), the precipitate was dissolved 
in 0.6 ml. of water. 0.1 ml. aliquots were applied as bands across the en- 
tire width of Whatman No. 3 MM paper strips (4 57 em.) 16 cm. from 
one end, under a stream of warm air. 0.02 m borate buffer at pH 8.6 
(1.52gm.Na2BsO7-10H2O + 0.99gm.H3BOs; per liter) was used. The wetted 
strips were placed in the ionophoresis apparatus, the main part of the 
strips being submerged in monochlorobenzene (8). 100 volts were ap- 
plied for 16 hours or 500 volts for 3 hours. At very high voltages (1400 
volts) streaking occurred. The nucleic acid bands were located by photog- 
raphy in the ultraviolet (8). The RNA band ran 1.25 cm. per 100 volts 
per hour and the DNA band 1.85 cm. per 100 volts per hour. This method 


was based on a similar separation reported by Deimel and Maurer (10) in — 


which Veronal buffer, pH 8.6, was used. More recently Deimel (11) has 
reported the use of phosphate buffer, pH 8.0. Borate seems more generally 
useful as a buffer, since both ultraviolet absorption and phosphate deter- 
minations can be carried out on the eluted samples. To establish radio 
purity of the RNA initially, eighteen strips, each 1 cm. in width, were cut 
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serially, starting 15 cm. from the base-line. Each strip was eluted with 
2.1 ml. of M NH,OH. 1 mil. of the eluate was plated and counted, and 
1 ml. was made up to 4 ml. with m NH,OH, and the ultraviolet absorption 
was determined at 260 and 290 mu (12,8). Fig. 1 shows the correspond- 
ence between the radioactivity peaks (counts per minute per ml.) and the 
ultraviolet absorption peaks. In several samples the difference in optical 
density per ml. of the original solution at the two wave-lengths was divided 
by the phosphorus concentration (micrograms of P per ml.), determined by 


*400 200 


8 


UV. ABSORPTION. 


COUNTS PER MIN. 


20 25 30 
CENTIMETERS FROM BASELINE. 


Fig. 1. The radio purity of RNA and DNA samples isolated by ionophoresis on 
paper. The samples were prepared from mouse pancreas after incubation in vitro 
with NaH2P#O,. @, absorption per sample at 260 my minus absorption at 290 mu 
(1 ml. of eluate diluted X 5). ©, counts per minute per ml. of eluate. Elutions 
were carried out on serial centimeter strips. Abscissa, cm. from base-line on iono- 
phoresis paper strip. 


the method of Fiske and Subbarow (13); the ratio obtained was 0.280. 
With this ratio the amount of RNA obtained after elution in subsequent 
experiments could be determined by ultraviolet absorption and expressed 
in terms of micrograms of P per ml. of eluate. 

The ratio of DNA to RNA is very small in the pancreas, and the spe- 
cific activity of the DNA was very low (see Fig. 1). It was therefore found 
more convenient to isolate DNA chemically from the remaining 0.5 ml. 
sample of dissolved nucleic acid in order to obtain sufficient material. This 
was done by hydrolyzing the sodium nucleate with 0.3 nN KOH for 18 hours 
at 37°. The solution was then brought to pH 1 with HCIO, and chilled. 
The precipitate was washed twice with 1 ml. aliquots of 5 per cent trichloro- 
acetic acid, then dissolved in 0.1 ml. of 0.8 nN KOH. 1.2 ml. of water were 


| 

| 
of 
A 
15 
h 
n- | 
he 
g- 
Its | 
od | 
in 
lly 
er- 
dio 
ut | 


88 X-RAYS AND ENZYME SYNTHESIS 


added, and the mixture was brought to pH 8 with HCIO,. The precipi- 
tate of KCIO, was removed by centrifugation, and aliquots of the remain- 
ing solution of DNA were taken for the determination of specific activity. 
DNA phosphorus estimations were carried out by the method of Berenblum 
and Chain (14). 

All specific activities are expressed as counts per minute per microgram 
of P and are corrected to an initial specific activity of 100,000 ¢c.p.m. per 
microgram of P for the inorganic P of the medium. The bicarbonate 
saline used contained 37 y of P per ml.; the casein hydrolysate added in 
some experiments contained 24.4 y of inorganic P per 0.1 ml. 


Results 


Amylase Synthesis in Mouse Pancreas after Irradiation—At intervals of 
4 and 24 hours after 500 r. whole body irradiation, and 4 hours after 2000 
r. irradiation, there was little measurable change in amylase synthesis in 
vitro in the pancreas of fed laboratory type mice. There was a consistent 
slight increase (7 to 20 per cent) in the level of amylase in the pancreas at 
sacrifice under these conditions. At 24 hours after 2000 r., the initial 
levels of amylase were 2 to 4 times higher in the pancreas of the laboratory 
type mice, and the synthesis in vitro of amylase was 2 to 4 times higher 
than in the controls. In the pancreas of fed mice of the CF-1 strain, the 
initial levels of amylase were approximately twice as high as the controls 
24 hours after either 500 or 2000 r. whole body irradiation. Amylase 
synthesis in vitro was also increased in this strain 24 hours after 2000 r. 
(Table I). 

To check that the effects observed 24 hours after 2000 r. did not result 
from different feeding habits after irradiation, experiments were carried 
out in which both the control and the irradiated animals were deprived of 
food for 24 hours before sacrifice, 7.e. from the time of irradiation. The 
animals received water ad libitum throughout this period. Incubations 
were carried out with and without the addition of casein hydrolysate 
fortified with tryptophan as a source of amino acids for enzyme synthesis. 
After fasting, the initial levels of amylase in the pancreas of the laboratory 
type mice were again 2 to 3 times higher than in the controls. In the 
absence of added amino acids there was no increase in the amount of amyl- 
ase synthesized in vitro in the irradiated group. However, in the presence 
of added amino acids amylase synthesis was doubled in the pancreas of 
the irradiated group. The addition of amino acids stimulated enzyme 
synthesis only slightly in the fasted controls (Table II). Under fasting 
conditions, therefore, the pancreas of the irradiated animals still had a 
greater capacity for enzyme synthesis than that of the controls, but under 
these conditions the availability of amino acid substrate in vitro became a 
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greater limiting factor for amylase synthesis in the irradiated mice than 
it was in the controls. It is apparent that differences in feeding habits 
could not account for the effects shown in Table I. 

In CF-1 mice the results obtained 24 hours after 2000 r. irradiation are 
very similar to those obtained after the injection of 7.5 y of carbamylcholine 
24 hours before sacrifice (2). Some of the effects of irradiation are thought 
to be cholinergic, since atropine increases the survival time in mice (15) 
and has been used clinically with some effect in radiation sickness. When 
200 y of atropine sulfate in 0.1 ml. of water were injected intraperitoneally 
into CF-1 mice immediately after irradiation, there was, in one experiment, 
a complete reversal of the effect of x-rays (24 hours after 2000 r.) on both 


TABLE II 
Effects of x-Rays on Amylase Levels, Amylase Synthesis in Vitro, and Incorporation 
of P® into Nucleic Acids and Acid-Soluble Phosphate Esters (ASPE) in Vitro in 
Pancreas of Fasted Mice 


Initial amyl- Amylase synthe- Specific activity, c.p.m. per y P 
x-Ray dosage Addition to vessel 
weight per 3 hrs. Whole RNA DNA ASPE 
r. 

None 7.6 None 3.9 42 8.7 4650 
2000 24.8 ms 5.0 43 4.3 4850 
None 7.6 Amino acids* —«dB.O | 34 5.8 4800 
2000 23.8 sy ™ 10.2 | 36 2.1 4530 


Laboratory type mice were deprived of food for 24 hours before sacrifice and 
sacrificed 24 hours after irradiation. Other conditions as in Table I. 

*0.2 ml. of 4 per cent casein hydrolysate (supplemented with L-tryptophan, 
0.4 mg. per ml.) per 6 ml. of medium. 


the initial level of amylase in the tissue and the amount synthesized in 
vitro. In three other experiments, however, the results were not so clear- 
cut. In one experiment there was no apparent reversal, and in the other 
two there was a partial reversal of the effects of irradiation. 

At this point it should be mentioned that the expression of the data in 
terms of the wet weight of the tissue is valid for comparative purposes, 
since there was no significant change in the total wet weight and only 
about 10 per cent increase in the ratios of the dry and wet weights in the 
pancreas after irradiation (Table III). This slight increase could be 
accounted for by an increase in the number of secretory granules. The 
spleen weight, given for comparison in Table III, showed a graded response 
to irradiation, decreasing to 50 per cent of the original size 24 hours after 
2000 r. irradiation. 200 y of atropine sulfate injected immediately after 
irradiation had no effect on the spleen atrophy. 


| 
| 
| 
| 
| ir 
| 
| 24 
wa 
of 
pre 
fac 
eit 
the; 
and 
inv 
Tal 
RN 


id 


M. R. HOKIN AND L. E. HOKIN 91 


Irradiation does not appear to interfere with the secretory mechanism 
under these conditions. . The irradiated animals responded to pilocarpine 
in the same manner that the controls did; 7.e., approximately half of the 
amylase content of the pancreas was secreted in vivo in response to the 
drug (Table IV). In absolute units, of course, secretion in vivo after 
pilocarpine was much greater in the irradiated animals than in the controls. 

Concentration of RNA in Pancreas after Irradiation—The concentration 


TaBLe III 
Weights of Mouse Pancreas and Spleen after Irradiation 
Pancreas, av Dry weight Spleen, av Dry weight 
r. meg. meg. 

None 123 0.246 99 0.212 
500 124 0.276 54 0.214 
2000 119 0.268 43 0.218 


* Average of six individual weights. CF-1 fed mice were sacrificed 24 hours after 
irradiation. 


TaBLeE IV 
Response of Mouse Pancreas to Pilocarpine in Vivo after Irradiation 


r. meg. 
None None 14.4 
1 7.6 
2000 None 43.4 
2000 1 24.3 


Laboratory type mice were deprived of food 24 hours before sacrifice and sacrificed 
24 hours after irradiation. 1 mg. of pilocarpine hydrochloride in 0.1 ml. of water 
was injected 1} hours prior to sacrifice where indicated. 


of RNA in the pancreas, as measured by RNA purine ribose, was not ap- 
preciably affected under any of the conditions of irradiation used. In 
fact the concentration was remarkably constant and was in no way related 
either to the digestive enzyme content of the gland or to the rate of syn- 
thesis of amylase (Table V). 

Effects of Irradiation on Incorporation of P® in Vitro into RNA, DNA, 
and Acid-Soluble Phosphate [’sters—The incorporation of P® mto RNA 
in vitro after irradiation was rather variable (Tables I and II). In Series I, 


Table I there appeared to be a slight inhibition of P® incorporation into 


RNA 24 hours after 500 r. irradiation, and in Series II there appeared to 
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be some stimulation of P*® incorporation into RNA 24 hours after 2000 r. 
However, in Series III and in the experiment shown in Table IT, incorpora- 
tion of P® into RNA 24 hours after 500 r. and after 2000 r. was the same 
as in the controls. There did not therefore seem to be any consistent 


effect of irradiation on the incorporation of P* into RNA under any of the — 


conditions employed. 
The incorporation of P® into DNA in the pancreas in vitro is extremely 


low; the pancreas has of course a very low rate of mitosis. There was a 


50 per cent inhibition of the incorporation of P® into DNA 24 hours after 


a dose of 2000 r. irradiation (Table IT). 
Irradiation had no effect on the incorporation of P® in vitro into the 
acid-soluble phosphate ester fraction of the pancreas (Table IT). 


TABLE V 


RNA concentration in pancreas, y purine 


eo | | Ti f ribose per mg. wet weight 
| irradiation 
Average Range No. of 
observations 
| hrs. | | 
Fed | None 5.3 5.15.6 © 4 
Fasted* | 5.3 4.8-5.5 4 
Fed 500 4 5.4 5.1, 5.6 2 
- | 500 24 | 5.9 1 
a | 500 | 48 | 5.7 5.5, 5.8 2 
Fasted* | 2000 24 | 5.2 5.0-5.4 4 


* Mice which had been deprived of food 24 hours before sacrifice. 


It should perhaps be mentioned that in the experiment in Table IT the 
amino acid mixture inhibited the incorporation of P® into the RNA and 
DNA of both the control and the irradiated tissues, although the incorpora- 
tion of P® into the acid-soluble phosphate esters was not affected. 


DISCUSSION 


In the pancreas large doses of x-rays do not disrupt the mechanisms 
responsible for the synthesis of the specific protein, amylase, and under 
certain conditions they may give rise, either directly or indirectly, to a 
considerable increase in the synthesis of this specific protein. In yeast 
cells Baron, Spiegelman, and Quastler (16) dissociated viability from 
ability to form the adaptive enzyme maltozymase by submitting them to 
x-rays in doses of 20,000 r. up to 380,000 r. and found under these condi- 
tions significant increases of up to 60 per cent in the amount of maltozy- 
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mase synthesized. It appears therefore that in yeast the ability to form 
a specific protein was enhanced by very large doses of x-rays. The effects 
of atropine after irradiation in mouse pancreas suggest that the increased 
synthesis of amylase observed is probably due, at least in part, to an initial 
increase in cholinergic stimulation of the pancreas following irradiation. 
This might possibly be brought about by temporary inhibition of cholin- 
esterases, Which are believed to have active sulfhydryl groups (17). 
Previous studies (18, 8) have indicated that amylase synthesis in pigeon 
pancreas slices could be increased by the addition of amino acids without 
a parallel change in either RNA concentration or the incorporation of P* 
into RNA. The stimulation of amylase synthesis in mouse pancreas after 
irradiation, without the occurrence of any change in RNA concentration or 
the incorporation of P® into RNA, affords another example of a lack of 
correlation between RNA metabolism and the synthesis of specific protein 
in the pancreas. These results with RNA suggest that the inhibitory 
effects of x-rays on RNA synthesis in tissue which undergoes rapid mitosis, 
such as bone marrow and small intestine (1), may be secondary to the 
inhibition of mitosis rather than due to any direct effect of x-rays on RNA. 


SUMMARY 


In the pancreas large doses of x-rays (500 r. and 2000 r.) do not disrupt 
the mechanism responsible for the synthesis of the specific protein amyl- 
ase. Amylase levels and amylase synthesis in vitro were considerably 
increased 24 hours after 2000 r. whole body x-irradiation. The increases 
were not related to the nutritional state of the animal; they were probably 
due, at least in part, to an initial increase in cholinergic stimulation of the 
pancreas following irradiation. 

No change in the concentration of RNA nor any consistent effect on the 
in vitro incorporation of P® into RNA occurred after irradiation. 


We wish to thank Dr. M. N. Lougheed, Miss C. Dunn, and Dr. B. Philips 
of the Radiology Department, the Montreal General Hospital, for their 
very kind cooperation in the irradiation of the animals. 
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THE HYDROLYSIS OF PURINE AND PYRIMIDINE 
NUCLEOSIDE TRIPHOSPHATES BY MYOSIN* 


By W. WAYNE KIELLEY, HERMAN M. KALCKAR, anp LOUISE B. BRADLEY 


(From the Laboratory of Cellular Physiology, National Heart Institute, and the 
Laboratory of Biochemistry and Nutrition, National Institute of Arthritis and 
Metabolic Diseases, National Institutes of Health, Department of Health, 
Education, and Welfare, Bethesda, Maryland) 


(Received for publication, July 25, 1955) 


It is well established that myosin will catalyze the hydrolysis of inosine 
triphosphate! (1-3) as well as ATP. Even catalysis of inorganic triphos- 
phate hydrolysis has been observed (4, 5).2_ It has been reported recently 
(7) that uridine triphosphate is rapidly hydrolyzed in the presence of 
crystalline myosin, and previously unpublished experiments’ showed that 
synthetically made UTP‘ is rapidly hydrolyzed by the heavy component 
of meromyosin (3, 8,9). The affinities of the enzyme for ATP, ITP, UTP, 
and-relative velocities of hydrolysis of the same nucleotides have recently 
been examined by Blum (10). In addition, a report has appeared on the 
contraction of actomyosin gels in the presence of GTP and UTP (11). 

Recent communications (12-14) have demonstrated that, in addition 
to the classical activation of myosin ATPase by Ca*t*, an even more strik- 
ing activation is obtained with ethylenediaminetetraacetic acid (Versene, 
etc.). The present report shows that guanosine triphosphate, cytidine tri- 
phosphate, and adenosine tetraphosphate (15) are also hydrolyzed by 
myosin ATPase, and it presents some observations on the characteristics 
of hydrolysis in the presence of Ca or EDTA with special reference to the 
structure of the nucleoside triphosphates. 


* Preliminary reports of sections of this work were presented at the 127th meeting 
of the American Chemical Society, at Cincinnati, April 2, 1955, and the Forty-sixth 
meeting of the Federation of American Societies for Experimental Biology, San 
Francisco, April 11 to 15, 1955. 

' The following abbreviations are used: ATP for adenosine triphosphate, ITP for 
inosine triphosphate, GTP for guanosine triphosphate, UTP for uridine triphosphate, 
UDP for uridine diphosphate, CTP for cytidine triphosphate, ATPP for adenosine 
tetraphosphate, ADP for adenosine diphosphate, ATPase for adenosinetriphospha- 
tase, EDTA for ethylenediaminetetraacetic acid, TPN for triphosphopyridine nucle- 
otide. 

? After preparation of this manuscript, a study of the kinetics of hydrolysis of tri- 
polyphosphate by myosin was published by Friess and Morales (6). 

* Geller, D., Borbiro, M., Szent-Gyérgyi, A. G., and Kalckar, H. M., unpublished 
data, Woods Hole, 1953. 

*A gift from Professor Sir Alex Todd, Cambridge University. 
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EXPERIMENTAL 


Substrates, Etc—ATP was acquired commercially and all the results re- 
ported were obtained with the crystalline sodium salt. UTP was pro- 
cured commercially (Pabst Laboratories) and further purified by chroma- 
tography (see below), while ITP was prepared from ATP by the method 
of Kleinzeller (1) and purified chromatographically. CTP was obtained 
through the generosity of Dr. A. Frieden, Pabst Laboratories. According 
to Dr. Frieden, this material was chromatographically homogenous, with 
only traces of ATP. GTP and adenosine tetraphosphate were obtained 
commercially as the Na salts (Sigma), and EDTA as the acid form from 
the Bersworth Chemical Company. 

Purification of UTP—Since it was found by paper ionophoresis at pH 
3.6 (16) that the commercial UTP contained about 10 per cent ATP, and 
since myosin under special circumstances splits ATP faster than UTP, it 
was necessary to separate UTP from ATP. This was done by the follow- 
ing method: The commercial UTP was chromatographed on Dowex 1, 2 
per cent cross-linked. A column of the dimension 1 sq. em. XK 26 ¢m. was 
used for 450 mg. of crude sodium UTP. As elution fluid, 0.01 ~ HCI with 
increasing concentrations of potassium chloride was used. ATP appeared 
in the effluents when the KCI concentration had risen to 0.1 mM (w KCl). 
Just before the peak of ATP, a smaller amount of UDP, which also was 
present in the preparation, appeared. UTP was not eluted until the KC! 
concentration was increased to 0.2 or 0.3m. The flow rate was 0.5 to 1 ml. 
per minute. The chromatography was carried out at 0°, but, since UTP 
is relatively acid-stable, the operation can also be carried out at room 
temperature. If the UTP appearing in the HCI-KCI effluent is subse- 
quently adsorbed on Norit (Darco, 20 mg. per umole of nucleotide) and 


then eluted with 50 per cent alcohol, pure UTP can be obtained ina | 


highly concentrated solution without salt. Occasionally, minute traces of 
certain metals which show inhibition of the myosin enzyme were pres- 
ent. They were removed by pouring the solution into Dowex 50 and 
spinning the suspension; the UTP was then recovered quantitatively from 
the supernatant fluid. 

Preparation of Myosin—Myosin was prepared by slight modifications 
and combinations of the methods of Szent-Gy6érgyi (17), Dubuisson (18) 
(see also Tsao (19)), and Weber and Portzehl (20). These procedures are 
described elsewhere (21). 

Measurement of Activity—The usual incubation mixture contained 0.02 
M histidine at pH 7.7 or 9.0, 0.005 m CaCl, or 0.001 m EDTA with 0.05 
M KCl when CaCl. was employed, and 0.4 m KCl when Versene was in- 
cluded. In a few experiments borate was used as a buffer. The concen- 
tration of substrate was 1 umole per ml. unless otherwise indicated.  In- 
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cubation volumes varied from 0.2 to 1.0 ml. with myosin in a final concen- 
tration of 20 to 30 y of protein per ml. Incubations were carried out for 
several time intervals from 0 to 10 minutes at 37°. The reaction was 
stopped by addition of the usual Fiske-Subbarow reagents for inorganic 
orthophosphate determination and dilution to the appropriate volume. 
In a few experiments ADP was estimated by reduction of TPN with Zwisch- 
enferment, hexokinase, and myokinase. 


Results 


Influence of Monovalent Cations—In accordance with the observations of 
Bowen and Kerwin (13), in the presence of EDTA there is essentially no 
activity with Nat and Lit, but a very high activity with K*ti This is 
illustrated in Table I, which also shows that Rb* is as active as K+ and 


TABLE I 
Behavior of Myosin ATPase with Monovalent Cations 


4 umole of inorganic phosphate per ml. 


Cation — - 
0.005 Mm CaCl | 0.001 mM EDTA 
| 0.28 0.27 


The cations were employed as the chlorides at levels of 0.05 m in the presence of 
Catt, and 0.3 m in the presence of EDTA. For other conditions, see the text. 


that NH,* gives the highest activity observed so far. In contrast, the 
results with Ca** as activator indicate only a slight sensitivity to the mono- 
valent cation species. Bowen and Kerwin (13) have observed that the 
optimal K* concentration in the presence of EDTA was in the neighbor- 
hood of 0.6 m. Under our conditions, we have observed the optimum to 
be 0.4m. On the other hand, the optimum for N H,* is 0.2 

Comparative Rates—A comparison of initial rates of hydrolysis of ter- 
minal P of the various nucleoside triphosphates in the presence of Cat+, 
Kt-EDTA, and NH,*+-EDTA is presented in Table II. It can be seen 
that, of the purine riboside triphosphates, ATP was the least active in the 
presence of Ca** and the most active in the presence of EDTA. Of the 
two pyrimidine riboside triphosphates, CTP most closely resembled ATP. 
In the case of ITP, the activity observed in the presence of NH, was not 
dependent on the addition of EDTA. The rate of hydrolysis of UTP in 
the presence of Versene was markedly increased by changing from K+ to 


NH,*. 
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The presence of the fourth phosphate of adenosine tetraphosphate in- 
duces a behavior quite unlike ATP and most closely resembling GTP. 

In borate buffer, pH 9, ATP was split only to the extent of 10 to 15 per 
cent, whereas UTP was split to completion at a fast rate. In the case of 
ATP, ADP was formed in amounts corresponding to the phosphate liber- 
ated. 


TaBLe II 


Initial Rates of Hydrolysis of Various Nucleotide Polyphosphates by Myosin 
ATPase in Presence of Ca or EDTA 


| A wmoles of inorganic phosphate per min. per mg.-protein 


Ca | K*-EDTA 

1.89 0.0* 0.0* 
4.69 0.0 0.96 
a 0.47 1.13 | 2.05 
1.65 0.39 2.68 
ATPP 1.13 0.0* 0.0* 


For the conditions, see the text. 
* Some inorganic phosphate released, but not a function of time. 


III 
Michaelis-Menten Constants for Purine and Pyrimidine Triphosphates 
Ca K*-EDTA | NH«-EDTA 
| 

ce’ <3 10°5 29x10* | 
<3 10° 3.6 X 10-4 3.1 X 10% 
| 4.7 X 10°% 7.5 X 10% 7.6 X 


For the conditions, see the text. 
* The same value was obtained in the absence of EDTA. 


The complexity of behavior of myosin toward ATP in the presence of 
borate was indicated by the effect of EDTA. The latter substance fails to 
accelerate the hydrolysis of ATP in the presence of borate unless Cat* is 
also present, in which case the initial rate of hydrolysis is 2 to 3 times the 
rate for Ca** alone. This is not due to a simple alteration of the Ca** 
concentration. 

Comparison of Michaelis-Menten Constants—It is possible that differ- 
ences in the activities of the various substrates at constant substrate con- 
centrations, as given in Table II, might be due to variations in enzyme- 
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substrate affinities. Therefore, the Michaelis-Menten constants were 
determined for some of the substrates and expressed according to the 
Lineweaver-Burk procedure (22). The results are given in Table III. 

Since the ATPase was saturated at quite low levels of ATP and CTP 
when Ca*+ was present, we were unable to do more than estimate the upper 
limits for A,, in these two cases. It is evident that there is an approxi- 
mate 10- to 20-fold increase in K,, when Ca is replaced by EDTA as acti- 
vator, with the exception of ITP, in which case K,, does not appear to be 
particularly affected by the modifiers. Only in the presence of Ca does 
there appear to be a rough relationship between the rates of hydrolysis and 
the corresponding values of K,, for the various substrates, the more active 
substrates having the higher values of K,,. In the case of UTP, the 
rather high values for K,, in the presence of EDTA suggest that, in the 
comparisons of activities given in Table II, the system was not saturated 
at concentration of 0.001 m UTP. However, in other experiments the use 
of higher concentrations of substrate did not give any increase in the rate of 
hydrolysis. 


DISCUSSION 


Observations of the behavior of the several substrates employed suggest 
that, in the presence of Cat+, those possessing a hydroxy] in the 6 position 
of the purine or pyrimidine ring are the most effectively hydrolyzed, while 
the presence of an amino group in this position suppresses the hydrolytic 
activity. In contrast, the 6-amino compounds are the most active sub- 
strates in the presence of EDTA (Blum (10); Bowen and Kerwin (13)). 
The high activity of UTP with EDTA and NH¢ suggests that the differ- 
ence in its behavior in contrast to that of ITP and GTP may be due to the 
possibility of UTP existing as the 6-keto compound, whereas this seems 
unlikely with GTP and ITP. The possibility that the diketo structure 
for UTP should make it different from GTP and ITP in the presence of 
NH, and EDTA merits consideration, but this suggestion is obviously in 
the speculative stage at the present time. 

Observations on the myosin ATPase system indicate that in all cases the 
cleavage process has a cation requirement. The pronounced activation by 
Ca** is well known; in the absence of divalent cations, the hydrolytic 
activity is enhanced by increasing KCl concentrations up to 0.2 to 0.25 m 
(13, 14, 23). In the presence of EDTA, pronounced KCl activation occurs 
(11, 12) with some monovalent cation specificity observed by Bowen and 
Kerwin (13) and in this communication, the general effect suggesting 
some relationship to the size of the ion. The pronounced Ca* effect may 
be more complicated than activation of the cleavage process. Blum (10) 
suggests that it may influence binding of the base. Another possibility 
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was suggested by observations on p-chloromercuribenzoate activation 
of myosin (21) and it was proposed that the effect of EDTA is at a site 
(presumably a bound metal) at which a sulfhydryl interaction tends to 
suppress the hydrolytic process. A part of the Cat? effeet may be in 
overcoming this suppression, although not as effectively as in the case 
of EDTA. 

The behavior of the myosin enzyme may be further interpreted on the 
basis of several binding sites at the active centers of the protein involving 
the phosphate chain and the purine or pyrimidine base. We assume that 
the primary sites of binding involve the phosphate chain and that the 
function of the base is in orientation. In those bases in which activity is 
low in the presence of EDTA, it is assumed that the orienting influence of 
the base has either disappeared or is in a spurious direction. If two or 
three sites of binding of the phosphates are involved, then the possibility 
of binding in at least two orientations exists, only one of which results in 
elimination of the terminal phosphate of the substrate as inorganic phos- 
phate. Without the directing influence of the base, the other possible 
orientations would effectively reduce the catalytic activity. If, as dis- 
cussed by Blum (10) EDTA affects the binding of the base, then the in- 
fluence of the base on the hydrolytic process would relate to its effectiveness 
in competing with EDTA for this binding site. 


SUMMARY 


1. The hydrolysis of several purine and pyrimidine triphosphates by 
myosin ATPase has been studied with reference to the structure of the 
base and the activator. 

2. With Ca** as activator, the 6-amino compounds, cytidine and adeno- 
sine triphosphate, are the poorest substrates, and guanosine, uridine, and 
inosine triphosphate the best, with increasing activity in the order given. 

3. In the presence of K*-EDTA, only adenosine and cytidine triphos- 
phates are hydrolyzed at a higher rate. 

4. In the presence of NHyt-EDTA the rates are considerably accelerated 
in contrast to K*+-EDTA and in the presence of the 6-oxy compounds, 
uridine triphosphate is the only one hydrolyzed at an appreciable rate. 

5. In the presence of Ca** there is a rough relationship between the 
Michaelis-Menten constant and the initial rate of hydrolysis, those sub- 
strates with the highest A,, having the highest rates. In substituting 
EDTA for Cat, there is an approximate 10- to 20-fold increase in K,,, with 
the exception of ITP, where A, appears to be little affected by the modi- 
fier. 

6. Adenosine tetraphosphate, although a substrate for myosin ATPase, 
is quite unlike ATP and closely resembles guanosine triphosphate in be- 
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The hydrolysis of ribonucleic acids from yeast by snake venom (Crotalus 
adamanteus) has been claimed by Cohn and Volkin (1) to yield most of the 
substrate as nucleosides and inorganic phosphate with about a third of 
the cytidine and uridine recovered as mixtures of 2’,5’- and 3’ ,5’-diphos- 
phonucleosides. Comparable results are obtained with ribonucleic acids 
from calf liver and thymus. The pyrimidine diphosphonucleosides were 
considered to have their origin in specific branch points in the ribonucleic 
acids. 

The purpose of the present communication is to direct attention to the 
fact that the quantity of pyrimidine diphosphonucleosides which is ob- 
tained upon hydrolysis of ribonucleic acids by snake venom varies within 
wide limits. This variation is, among other things, related to the inhomo- 
geneity of the sample, particularly with reference to contamination by 
products of enzymatic or chemical degradation, and upon the conditions 
which are chosen to effect the hydrolysis. It is also worthy of record that, 
in addition to the pyrimidine diphosphonucleosides, the diphosphonucleo- 
sides of adenine and guanine are obtained. 


EXPERIMENTAL 


Materials—Ribonucleic acids were prepared from bakers’ yeast (Sac- 
charomyces cerevisiae) by the method of Crestfield, Smith, and Allen (2). 
The yeast was supplied directly from the filter press by the Consumer’s 
Yeast Company, Oakland, California. 

Snake venom (Crotalus adamanteus) in lyophilized form was purchased 
from Ross Allen’s Reptile Institute, Silver Springs, Florida. 

Barium salts of mixed 2’ ,5’- and 3’ ,5’-diphosphates of uridine and cyti- 
dine were very generously supplied by Dr. C. A. Dekker. These diphos- 
phates had been synthesized by the method of Hall and Khorana (3). 
Prior to the use of these diphosphates as reference substances, barium was 
removed by electrophoresis on paper at pH 3.6, after which they were again 


* Supported in part by grant-in-aid No. RG-2496, United States Public Health 
Service, and by Cancer Research Funds of the University of California. 
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submitted to electrophoresis on paper in ammonium acetate buffer at pH 
9. The zones which contained the diphosphates together with sufficient 
of the surrounding area were cut from the filter paper in a band with one 
edge straight and the opposite edge cut to a pointed tip. The solute was 
eluted from the area and concentrated in the tip by placing the straight 
edge in a micro beaker which contained a small amount of water. The 
capillary flow of water as it ascends the filter paper carries the solute to 
the tip. As water evaporates from the tip of the filter paper, more water 
is added to the beaker. The process is continued until all of the solute 
is concentrated at the tip. When completely dry, the tips are cut from 
the eluted area of the filter paper and stored. 

Adenosine 2’ ,5’-diphosphate was prepared by the hydrolysis of triphos- 
phopyridine nucleotide with snake venom according to data published by 
Kornberg and Pricer (4). Adenosine 3’ ,5’-diphosphate was obtained in 
an analogous manner from coenzyme A, as described by Wang, Shuster, 
and Kaplan (5). Each of the diphosphates was resolved by electrophoresis 
on paper in ammonium acetate buffer at pH 9.0 and concentrated as de- 
scribed in the preceding paragraph. 

Guanosine 2’,5’- or 3’,5’-diphosphate was not available for use as a | 
reference substance. 

Methods—Ribonucleic acids were hydrolyzed by snake venom at room 
temperatures. The pH for the hydrolysis was maintained constant. at ( 
either pH 6.8 or 8.6 by the addition of 0.4 N solution of sodium hydroxide 
from a micrometer syringe burette. The pH was determined by a Beck- 
man pH meter, model G, which was equipped with shielded external elec- 
trodes. Suitable precautions were taken to prevent the absorption of 
carbon dioxide during the hydrolysis. Hydrolysis was considered to be 
complete after the liberation of acidic groups had ceased. The hydroly- 
sates were dried either by concentration on filter paper tips as described 
for the nucleoside diphosphates or by lyophilization. 98 per cent recoveries 
were obtained when lyophilization was caused to take place from a thin 
film in a cylindrical tube rather than from the usual round bottomed flask. 

The products of the hydrolyses were separated and detected by the use 
of the paper electrophoresis apparatus and techniques of Crestfield and 
Allen (6). In order to reduce uncontrolled variations among different 
sheets of paper, the movement of components on the filter paper is ex- 
pressed as relative mobility. For this purpose, caffeine is used as a refer- 
ence substance for the measurement of electroosmosis and picrate ion as a 
reference substance of constant mobility in the pH range 3.6 to 9.2. Rela- we 
tive mobilities are calculated by dividing the distance from the component m. 
zone to the caffeine zone by the distance from the picrate zone to that of nu 
the caffeine. an 
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Samples which were to be resolved electrophoretically were applied to 
wet filter paper sheets in one of two manners. Filter paper tips in which 
solute had been concentrated by capillary ascent of water were placed 
directly on the wet filter paper, and the solute was permitted to dissolve 
before application of the electrical field. Concentrated suspensions of 
lyophilized material were delivered as a band (2 K 60 mm.) on to the paper 
by a specially designed motor-driven micrometer burette. For the prepa- 
ration of the band, about 10 mg. of lyophilized material were weighed into 
a small vial and suspended in 20 ul. of buffer and transferred to the microm- 
eter burette. The Dogo units which remained after application of the band 
were measured. The total Dog units which had been weighed out were 
calculated from the weight and the Dogo units per mg. of lyophilized ma- 
terial. The quantity of hydrolysate which had been applied was calcu- 
lated by difference. 

The distribution of Dog units along the sheet of filter paper after electri- 
cal migration was completed was determined by elution of successive 3 mm. 
wide sections of the paper, first by concentration into one end of the see- 
tion by capillary flow of water and then with 200 yl. of 0.01 N solution of 
hydrochloric acid. Spectrophotometric data on the eluents were obtained 
on a Beckman DU spectrophotometer in which “pyrocells” of 10 mm. 
light path and 2.5 mm. width were employed (Pyrocell Manufacturing 
Company, New York). 


Results 


The distribution along the paper chromatogram of the products of 
hydrolysis which absorb ultraviolet light at 260 my is shown in Fig. 1. 
In this instance hydrolysis was conducted at pH 8.6 and electrophoresis 
on paper at pH 9.2. Electrophoresis on paper was conducted in quadrupli- 
cate. Zones | to'6 in Fig. 1 were cut from three of the paper chromato- 
grams. Zones of the same number were concentrated, combined, and re- 
submitted to electrophoresis on paper at pH 3.6. The mobilities of the 
components of the zones and the percentage of the Dog units of the ribo- 
nucleic acids present in each of the components are given in Table I. It 
should be emphasized at this point that each one of the components listed 
in Table I is a product of the hydrolysis of ribonucleic acids, since control 
experiments in which venom was subjected to electrophoresis on paper 
showed no one of the components. In control experiments in which the 
2’ ,5’- and 3’,5’-diphosphonucleosides of uridine, cytidine, and adenosine 
were subjected to the hydrolytic action of venom these substances re- 
mained unchanged. The mobilities of the 2’,5’- and 3’,5’-diphospho- 
nucleosides of adenosine and the mixed diphosphonucleosides of cytidine 
and uridine at several pH values are listed in Table II. By comparing the 
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mobilities of the reference diphosphonucleosides with the mobilities of the 
components of the zones in Table I it may be seen that substances which 
migrate like the diphosphonucleosides are the main components of Zones 1, 
2,and 3. Uridylie and guanylic acids migrate at a similar rate to cytidine 
and adenosine diphosphates at pH 3.6, but not at pH 9. Mobilities and 
spectrophotometric data place Component b of Zone 1 as uridine diphos- 
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Fic. 1. Separation by electrophoresis on paper of the products of hydrolysis of 
veast ribonucleic acids by snake venom. 165 mg. of venom dissolved in 1 ml. of wa- 
ter were adjusted to pH 8.6 by addition of 0.4 N solution of sodium hydroxide. Then 
64.2 mg. of ribonucleic acids, dissolved in 0.5 ml. of water, were added and the pH 
brought to 8.6 and maintained constant by periodic addition of base. After 10 
hours, the hydrolysis was complete. The sample which was applied to the 8 x 45 i 
em. paper contained 2.3 mg. of ribonucleic acids and 6.0 mg. of venom. Migration F 
occurred for 140 minutes at 14 volts per cm. in ammonium acetate buffer of pH 9.2 
and ionic strength 0.1. The venom contributed 16.5 per cent of the total hydrol- ( 
ysate Dogo units. l 


phate, Component d of Zone 1 as guanosine diphosphate, and Components 
f and g of Zones 2 and 3 as mixtures of adenosine and cytidine diphosphates. | 
Of the total pyrimidine content of the ribonucleic acids, only 1.5 per cent | 4 
is liberated as diphosphonucleosides. Of the total purine content, 0.4 per | P 
cent is liberated as purine diphosphonucleosides. All of the other products | A 
of the hydrolysis, except nucleosides, are present in Zones 4, 5, and 6. in 

A quantitative representation in terms of the percentage of the Daw ti 
units of the hydrolysate is given in Table III. For this purpose the hy- | th 
drolysate is divided into three fractions, (1) nucleosides, (2) Zones 4, 5, di 
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and 6, which are comprised of mononucleotides and unknown components, 
and (3) Zones 1, 2, and 3, which are comprised mainly of diphosphonucleo- 
sides. 

As an illustration that the percentage of diphosphonucleosides in the 


TABLE I 


Percentage of Dogo Units As Substances Other Than Nucleosides Found in Hydroly- 
sale Resulting from Action of Snake Venom on Ribonucleic Acids from Yeast 


Component Zone 1 Zone 2 Zone 3 Zone 4 Zone § Zone 6 nae mobility 
per cenl per cent per cent per cenl per cent per cent 
a 0.12 1.70 
b 0.47 1.51 
c 0.02 1.25 
d 0.06 1.17 
e 0.01 1.08 
f 0.29 0.93 
q 0.17 0.06 0.80 
h 0.22 0.61 
0.34 0.21 
j 0.12 0.09 


Components 1, a, unknown compound; 1, 6, uridine diphosphate; 1, d, guanosine 
diphosphate; 2, f, mixture of adenosine and cytidine diphosphates; 3, ¢ and 3, e, 
unknown compounds; 3, g, mixture of adenosine and cytidine diphosphates; Com- 
ponents 4, g, 5, 7, 6, A, and 6, 7, mixtures of unidentified substances with mononu- 
cleotides. 


TaBLe II 
Relative Mobilities of Diphosphonucleosides 
pH 2.0 pH 3.6 pH 4.7 | pH5.7 | pH 9.1 
Adenosine 2’,5’-diphosphate.............. 0.73 0.84 1.1 1.4 1.5 
” 3’,5’-diphosphate.............. 0.71 0.83 1.1 1.4 1.5 
Cytidine 2’,5’(3’,5’)-diphosphate......... 0.75 0.77 1.0 1.5 1.6 
Uridine 2’,5’(3’,5’)-diphosphate........., 1.4 1.4 1.3 1.5 1.7 


hydrolysate may be found to vary within wide limits, the data for two other 
hydrolysates are included for comparison in Table III. In the first com- 
parison ribonucleic acids were first hydrolyzed by crystalline ribonuclease. 
At the completion of ribonuclease action, venom was added at successive 
intervals and hydrolysis was continued for 83 hours. Resolution and quan- 


titative estimation of the diphosphonucleosides of the hydrolysate showed 
the diphosphates to comprise 14 per cent of the total hydrolysate. The 
diphosphonucleoside fraction contained predominantly the diphospho- 
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nucleosides of uridine and cytidine. Of the total cytidine present in the 
original ribonucleic acids, 36 per cent appeared as cytidine diphosphate. 
Of the total uridine present in the original ribonucleic acids, 40 per cent 
appeared as uridine diphosphate. Thus, 38 per cent of the total pyrimi- 
dine content of the ribonucleic acids was obtained as diphosphonucleosides. 
A control incubation of the ribonucleic acids for 88 hours did not yield 
diphosphonucleosides. 

In the second comparison ribonucleic acids were hydrolyzed by venom 
at pH 6.8. The amount and number of components which were present 
in the diphosphonucleoside zones were intermediate between those which 
were obtained under the other two conditions. 


TABLE III 


Comparison of Dogo Unit Distribution between Three Fractions of Hydrolysates 
Obtained under Different Conditions 


Per cent total D260 units 
Ribo- 
Digestion conditions Venom nucleic 
acids Nucle- Zones Diphos- 
osides 4, 5, 6 phates 
165 71 98 1.0 1.3 
* Ribonuclease followed by venom 
70 26 60 27 14 
pH6.8....... 40 27 93 1.6 6.0 


* The rate of release of acidic groups by the venom action was similar to that when 
venom acts on the intact ribonucleic acids for the Ist hour, but thereafter the rate 
progressively decreased. Venom was added at zero time (40 mg.), 25 hours (10 mg.), 
38 hours (10 mg.), and 62 hours (10 mg.). Hydrolysis was continued for 83 hours. 


DISCUSSION 


The complete interpretation of the data that are obtained from venom 
hydrolysates requires further information regarding (a) the specificities 
and mechanisms of action of the enzymes that are present in the snake 
venom and (6) the nature of the ribonucleic acids that are hydrolyzed. 

It is probable that more than one type of nuclease activity occurs in 
venom. In the present work, it is demonstrated that a larger quantity 
of diphosphonucleosides is produced in the hydrolysate which is obtained 
by the action of venom at pH 6.8 in comparison to that which is obtained 
at pH 8.6. This difference can be brought about by either (a) increased 
hydrolysis of diphosphonucleosides at pH 8.6 or (b) increased formation 
of polynucleotide fragments which ultimately give rise to diphosphonucleo- 
sides. The first consideration is ruled out by an experiment in which the 


reference diphosphonucleosides were found to be stable to the action of 
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snake venom at pH 8.6. In support of the second explanation, it is note- 
worthy that, when ribonuclease is permitted to hydrolyze ribonucleic acids 
to completion and then hydrolysis of the resultant polynucleotide frag- 
ments is continued by venom at pH 8.6, 38 per cent of the pyrimidine con- 
tent of the ribonucleic acids is recovered as diphosphonucleosides. 

Cohn and Volkin (1) used the diesterase fraction which is obtained from 
venom by the procedure of Hurst and Butler (7) and found that hydrolysis 
of the polynucleotides which result from ribonuclease action did not occur. 
This is in contrast to the present report in which crude venom is employed. 
Also, it should be emphasized that the polynucleotide fragments which 
result from the action of ribonuclease would be expected to vary according 
to the composition of the ribonucleic acids. 

Certain of the properties of the sample of ribonucleic acids which was 
employed in the present work have been published by Crestfield, Smith, 
and Allen (2). From these data it can reasonably be assumed that the 
sample is free from polynucleotide fragments due either to partial enzy- 
matic degradation or to chemical rupture of phosphodiester bonds. The 
liberation of only 1.3 per cent of the sample as diphosphonucleosides by 
venom hydrolysis at pH 8.6, as compared with the figure of 14 per cent 
when ribonuclease is allowed to act first, is additional evidence for the 
absence of fragments in this sample. Furthermore, the isolation of 60 to 
70 per cent of the total ribonucleic acids content of the yeast, as compared 
with the low yields which are obtained by most previous isolation pro- 
cedures, presents the new possibility that each type of ribonucleic acid 
species in yeast is present in the isolated sample. Therefore, the types of 
chain ends are of importance. 

It is clear both from the work of Volkin and Cohn (8) on the fragments 
from ribonuclease hydrolysis of ribonucleic acids and from the present 
data that diphosphonucleosides can arise as a result of venom action from 
3’-monoester chain ends. It is likely that they may also be obtained from 
2’-monoester as well as cyclic phosphate chain ends. If it is tentatively 
assumed that the diphosphonucleosides which are obtained upon venom 
hydrolysis of the intact ribonucleic acids are the result of consecutive dies- 
terase action along a chain such that the diphosphonucleosides are liberated 
from the ends of the chain when a 2’(3’)-monoester or cyclic phosphate is 
on that end, then each different diphosphonucleoside which is found repre- 
sents a separate type of chain ending. The liberation of purine diphos- 
phonucleosides in addition to the pyrimidine diphosphonucleosides which 
were isolated by Cohn and Volkin (1) suggests that at least four types of 
chain ends are present. 

It remains a possibility, however, that the small quantity of the diphos- 
phonucleosides arises in part from chain ends that are formed during the 
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hydrolysis by nucleases which liberate new 2’(3’)-monoester or cyclic 
phosphate chain endings. It is also possible that some branching of the 
type suggested by Cohn and Volkin (1) may be present, but in a much 
lower proportion than that suggested by these authors. The amount of 
the diphosphonucleosides which is found corresponds to approximately one 
nucleotide for every 75 nucleotides that are present in the ribonucleic 


acids. 
SUMMARY 


The diphosphonucleosides of adenine, guanine, cytosine, and uracil are 
liberated from the ribonucleic acids of yeast by hydrolysis with snake 
venom. 

The quantity and type of diphosphonucleosides which are obtained vary 
within wide limits and are related to the inhomogeneity of the sample of 
ribonucleic acids as well as to the conditions which are chosen to effect the 
hydrolysis. 

Provisionally, the diphosphonucleosides are regarded to have their ori- 
gin in the chain endings of either ribonucleic acids or the polynucleotide 
fragments of the ribonucleic acids. 
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SUBSTRATE INDUCTION OF THREONINE DEHYDRASE 
IN VIVO AND IN PERFUSED RAT LIVERS* 
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(From the Department of Physiological Chemistry, University of California School of 
Medicine, Berkeley, California) 


(Received for publication, July 19, 1955) 


The activity of the enzyme threonine dehydrase in the livers of mice and 
rats is increased by the intraperitoneal injection of threonine, while that 
of serine dehydrase shows no change. The injection of a comparable 
amount of L-serine produces no increase in the activity of either L-serine 
dehydrase or L-threonine dehydrase. This is substantiating evidence that 
these two dehydrases are separate enzymes (1). The inducible character 
of t-threonine dehydrase was previously observed in Escherichia coli (2). 

This increase in activity is analogous to the increases in tryptophan 
peroxidase-oxidase activity observed by Knox (3) upon intraperitoneal 
injection of tryptophan. The phenomenon of substrate-induced enzyme 
formation has been frequently found in the case of microorganisms (2, 4), 
but in animals the only other reported cases which have been clearly dem- 
onstrated to represent substrate induction are those of tryptophan peroxi- 
dase-oxidase, ferritin (5), and chick embryo adenosine deaminase (6). An 
excellent review of the subject of metabolic adaptation in animals has re- 
cently appeared (7). 

Formation of tryptophan peroxidase-oxidase has been shown to be in- 
duced in at least two ways, by substrate (3) and by hormonal induction 
(8-11). ‘Threonine dehydrase induction has been shown to take place in 
the absence of external hormonal influences in a perfused liver system. 


EXPERIMENTAL 


Female Sprague-Dawley rats (240 to 265 gm. in weight) and male mice 
of the C3H strain were used for all experiments except one perfusion; in 
the latter, Long-Evans rats were employed. 

2 mmoles of pi-threonine were injected intraperitoneally, and the rats 
were sacrificed at varying time intervals. The animals given serine were 
injected with 2 mmoles of the L isomer because of the toxicity of D-serine 


* Aided by research grants from the National Cancer Institute (No. C327), United 
States Public Health Service, and the American Cancer Society (No. Met-16B and 
No. 45), reeommended by the Committee on Growth of the National Research Coun- 
cil, to D. M. Greenberg and H. Tarver. 
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to the kidney (12). The control animals were given sham injections of 
isotonic saline. 

Perfuston—Perfusions were carried out in a modified apparatus embody- 
ing the basic design of Miller et al. (13). The description of this will be 
published elsewhere. 

The “complete amino acid mixture” used contained the L isomers of 
eighteen amino acids (14). 

All perfusion experiments were carried out with 60 ml. of voatel heparin- 
ized blood from donor rats of the same strain and sex as the liver donor. 
The additions (Table III) were dissolved in 30 ml. of isotonic saline with 
gentle heating, mixed with the blood, and placed in the reservoir of the 
equilibrated apparatus. Under these conditions, very little hemolysis was 
observed in the studies reported. Bile flow was good in all cases except 
in the liver perfused with ethionine. In this experiment the bile formed 
amounted to about 15 per cent of the average volume collected in the other 
experiments in a comparable length of time. 

Enzyme Assay—The analyses were run in duplicate on homogenates of 
individual rat livers and pooled samples of three mouse livers each. The 
liver was weighed and homogenized in a Potter-Elvehjem glass homogenizer 
with 2 volumes of phosphate buffer, 0.1 mM, pH 7.2. The homogenate 
was centrifuged for 5 minutes at 4000 r.p.m., and aliquots of the super- 
natant fluid were used for assay of enzyme activity. Protein concentra- 
tions of all homogenates were determined by reading a diluted sample of 
the supernatant fluid following centrifugation in the Beckman model DU 
at 277 my. Threonine dehydrase was determined by incubating an aliquot 
of the homogenate with 50 umoles of L-threonine and determining the 
a-ketobutyric acid formed by a modification of the method of Friedemann 
and Haugen (15). Incubation was carried out for 0.5 hour at 37° in a 
Dubnoff metabolic shaking incubator in an air atmosphere. The reaction 
was stopped by the addition of 0.5 ml. of 25 per cent trichloroacetic acid, 
which gave a final concentration of 5 per cent and also precipitated the 
protein from the reaction mixture. After centrifugation, a 1.0 ml. aliquot 
of the supernatant liquid was assayed for a-ketobutyric acid. In each case 
a reagent blank containing enzyme alone was run along with the sample 
as well as an a-ketobutyric acid standard. 

The identity of the product was checked on the 2 ,4-dinitrophenylhydra- 
zone of the material from an incubation mixture with that of a pure sample 
of a-ketobutyric acid. This gave the same melting point (196°) and showed 
no depression in a mixed melting point determination. 

Serine dehydrase levels were determined in the same manner with a 
pyruvic acid standard and 50 umoles of L-serine. 
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The levels of enzyme in the injected rats are presented in Table I and in 


the mice in Table II. 


TABLE 


Increase in Threonine Dehydrase Activity in Rat Liver Following Intraperitoneal 


Injection of vu-Threonine 


- 


Experiment No. 
hrs. 

1 Control 
2 
3 2 
4 2 
5 5 
6 5 
7 8 
8 8 
9 18 
10 18 


Threonine dehy- 
drase units per Average 
gm. protein*® 
5.2 
3.5 4.35 
4.5 
4.2 4.35 
16.0 
12.5 14.25 
5.1 
6.3 5.7 
2.2 
2.3 2.25 


Ratio, 
injected 


control 


1.0 
1.05 
3.3 
1.3 


0.5 


Increase over 
control 


per cent 


* 1 enzyme unit produces | wmole of keto acid per hour at 37°. 


TABLE II 


Increase in Threonine Dehydrase Activity in Mouse Liver Following Intraperitoneal 


Injection of vu.-Threonine 


i Ratio, 
hrs. per cent 

1 Control 29.3 

17.8 25.45 

l 29.3 

3 1.5 29.3 

3 2.25 50.0 1.95 95 
3 5.25 70.0 2.75 175 
3 7.5 102.0 4.0 300 


In the rat, threonine dehydrase showed an increase in activity to 3 times 
that of the average control value at the optimal time of 5 hours (Table 1). 
After 5 hours, the level of activity fell to a point roughly half the control 
value at 18 hours. The significance of this finding is unknown. 

The levels of enzyme found in the injected mice are shown in Table IT. 
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Threonine dehydrase activity reached its maximal level at 7.5 hours after 
injection in the mice (Table II), rather than at 5 hours as with the rats. 
The highest value obtained was about 4 times that of the control animals. 
Further investigation is necessary to establish whether there actually is a 
higher degree of induction with mice than with rats, or whether this result 
appears because of individual variation in the particular animals used for 
this experiment. Nevertheless, significant induction was obtained with 


TABLE III 
Summary of Enzyme Induction Experiments with Perfused Livers 
Threonine dehydrase units per gm. protein | 
| —| Ratio 
Experiment No. | Unperfused livers | perfused > 
Perfused livers control 
Range | Mean 
per cent 
I 3.5- 5.7 5.25 5.4 1 
II 5.95-6.10 | 6.05 15.3 2.55 155 
III 4.75-5.6 5.25 7.35 1.40 40 
IV | 4.5- 5.75 5.25 19.7 3.75 275 
V | 3.¢@- 5.4 4.55 13.8 3.03 203 
VI 6.7 13.0 1.95 95 
VII | 4,755.7 5.3 2.2 (0.41 —41 


Experiment I, 1.0 gm. of L-threonine added in 10 ml. of saline to 63 ml. of blood. 
The perfusion fluid contained no extra amino acids or glucose. Experiment II, a 
mixture of eighteen amino acids (14) (200 mg.), 300 mg. of glucose, and 1.0 gm. of 
L-threonine added. Experiment III, the same mixture of amino acids as in Experi- 
ment II and 300 mg. of glucose. No extra threonine was added, though the amino 
acid mixture contained 10 mg. Experiment IV, repetition of Experiment II; Ex- 
periment V, repetition of Experiment II; Experiment VI, male Long-Evans rats 
employed. 200 mg. of L-threonine, 200 mg. of glucose, 200 mg. of amino acid mix- 
ture were added. Experiment VII, repetition of Experiment II, except that methi- 
onine was omitted and 200 mg. of L-ethionine were added. 


mice, and the induced values are far outside the range of variability. It 
is also interesting to note that the normal level of threonine dehydrase in 
mice is about 5 times that found in rats. 

Table III gives the levels of enzyme activity found in perfused rat 
livers. 

In the livers perfused with an amino acid mixture containing threonine, 
the level of enzyme activity was about 3 times that of the control values. 
The enzyme serine dehydrase was also assayed in each of the induction 
experiments, and no changes were found in the levels of activity. Replace- 
ment of methionine with ethionine was found to inhibit the induction of 
enzyme. 
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In serine-injected rats no differences were found in either the serine de- 
hydrase or threonine dehydrase level. The normal level of serine dehy- 
drase activity in rats is about 5 times that of threonine dehydrase. Thus 
it must be considered that any induction taking place is so small that it 
is hidden by the normal variation in the animals, because of individual 
metabolic differences. This is not likely, however, since mice normally 
show a level of threonine dehydrase 5 times that of rats, and the induction 
of threonine dehydrase can readily be observed in this species. 


DISCUSSION 


The threonine dehydrase content of the liver proved to be quite constant 
in the Sprague-Dawley rat; fifteen fed, control rats (‘‘unperfused livers,” 
Table ILI) gave the mean value of 5.15 + 0.8 units! per gm. of protein. 
A 24 hour fast reduced this figure to 4.4 + 0.7 ina group of six rats. No 
significant variations were found among different lobes of the same liver. 

The time of maximal induction in the case of intact rats was found to 
be 5 hours after the injection of inducer. On the basis of this finding in 
vivo, the livers were also perfused for 5 hours in the hope that they would 
show the same optimal time of induction. 

The close agreement between the values found in the in vivo and the 
perfusion experiments is striking, and strongly suggests that the perfused 
liver is behaving much as the liver does in situ with regard to enzyme for- 
mation. The importance of this finding is that it eliminates the possibility 
of external hormonal control in the perfused livers. The close agreement 
of results further suggests that the induction in vivo is probably not under 
direct hormonal control, as has been found to be the case with tryptophan 
peroxidase-oxidase. The induced formation of tryptophan peroxidase- 
oxidase has been shown to be influenced by cortisone and corticotropin 
(8-11) as well as by growth hormone and possibly other hormonal sub- 
stances (16). A perfused liver system virtually eliminates these external 
hormonal influences. 

The evidence indicates that threonine dehydrase induction probably in- 
volves a net synthesis of enzyme, since a complete amino acid mixture 
appears to be required for induction to take place. In Experiment I, 
Table III, the ‘‘perfused” enzyme level appears well within the control 
range. The only substance added to the perfusion fluid was 1.0 gm. of 
threonine, and no induction was observed. Experiment IT showed an av- 
erage enzyme activity 2.5 times the control value when a complete amino 
acid mixture and 300 mg. of glucose were added in addition to 1.0 gm. of 
threonine as inducer. Experiment III showed a very slight, but signifi- 
cant, increase over the average control value when the amino acid mixture 


1 Standard deviation. 
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and glucose were added, but no inducer. This can be explained by the 
fact that the amino acid mixture contained 10 mg. of L-threonine, enough 
to produce the slight induction observed. The next three experiments 
show significant increases, Experiment VI with a different strain of rats 
(Long-Evans) and with a much lower concentration of inducer. The Long- 
Evans rats were males, and there is the possibility that males exhibit a 
different reaction to threonine as an inducer than do females; however, in- 
duction was still obtained. 

The idea of a net synthesis of enzyme is in accord with the finding of 
Lee and Williams (17) that ethionine prevented an increase in tryptophan 
peroxidase-oxidase activity in animals given tryptophan, but that this in- 
hibition of synthesis could be reversed by large doses of methionine. Our 
finding that ethionine blocks the induction of threonine dehydrase in a 
perfused liver fits in well with this conclusion and can be taken as further 
evidence for a net synthesis of enzyme during the induction of threonine 


dehydrase. 


We are greatly indebted to Dr. Ethelda N. Sassenrath for assistance 
with the animals employed in this investigation and to Dr. H. Tarver for 
his interest and cooperation in the use of the perfusion apparatus. 


SUMMARY 


1. The enzyme threonine dehydrase increases in activity in the livers of 
intact rats upon the intraperitoneal injection of threonine, thus showing 
that it is inducible. Maximal induction was obtained in 5 hours, at which 
time the activity level was found to be as high as 4 times the normal value. 

2. Rat livers were perfused with blood and selected materials for a period 
of 5 hours in each experiment. At the end of that time the livers were 
tested for threonine dehydrase and serine dehydrase activity. Threonine 
dehydrase was found to be increased as much as 4 times the average con- 
trol value of unperfused livers of the same group of rats if threonine, glu- 
cose, and amino acids were present in the perfusing medium. No change 
was noted in the serine dehydrase activity. 

3. The induction appears to result from a net synthesis of the enzyme, 
as evidenced by the requirement of an amino acid mixture for induction 
to take place and by its inhibition by the addition of ethionine to the per- 


fused liver. 
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THE PURIFICATION AND PROPERTIES OF 5-ADENYLIC 
ACID DEAMINASE FROM MUSCLE* 


By GORDON NIKIFORUKT anp SIDNEY P. COLOWICKT 


(From the Department of Biological Chemistry, University of Illinois College of 
Medicine, Chicago, Illinois) 


(Received for publication, August 8, 1955) 


Schmidt (1) was the first to extract an enzyme catalyzing the deamina- 
tion of 5-adenylie acid. He demonstrated the presence of adenosine and 
adenylic acid deaminases in NaHCO; extracts of saline-washed minced 
rabbit muscle. Purification of the preparation by adsorption with alumina 
removed the adenosine deaminase, thus demonstrating that deamination 
of adenylic acid and adenosine is catalyzed by two separate enzymes. 
Kalckar (2) was able to obtain active adenylic acid deaminase preparations 
by precipitating myosin by dialysis and subjecting the deaminase which 
remained in the supernatant fluid to ammonium sulfate fractionation be- 
tween 0.3 and 0.5 saturation. 

In the present paper a method is described for the purification of deami- 
nase, based on a combination of the procedures of Schmidt and Kalckar, 
and supplemented by the paper chromatographic technique for enzyme 
purification described by Mitchell et al. (3). Certain properties of the 
enzyme are described, particularly with respect to its interaction with 
stimulatory and inhibitory anions. 


Methods 


Enzyme Assay—Kalckar’s spectrophotometric method (4) was used, 
based on the 60 per cent decrease in absorption at 265 my which occurs 
upon conversion of adenylic acid to inosinic acid. The optical measure- 
ments were made in a Beckman spectrophotometer with an ultraviolet at- 
tachment. Standard quartz cells, 10 mm. wide with a light path of 10 
mm., were used. All measurements throughout the paper will be reported 
as E65 (optical density) or AK 265 (change in optical density). 

The activity of adenylic acid deaminase was measured under the follow- 
ing conditions: substrate, 5-adenylic acid; buffer, 0.1 m succinate at pH 
5.9; temperature, 25°. A 0.04 m solution of adenylic acid dissolved in 
0.08 m NaHCO; served as the stock solution. This was then diluted 1: 1000 


* From a dissertation presented by Dr. Nikiforuk to the faculty of the University 
of Illinois in partial fulfilment of the requirements for the degree of Master of Science, 
June, 1950. 

t Present address, Faculty of Dentistry, University of Toronto. 

t Present address, McCollum-Pratt Institute, The Johns Hopkins University. 
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in succinate buffer, giving a final concentration of 4 X 10~-° mole per liter 
or 13.88 y per ml. 3 ml. of the above solution were placed in a quartz 
cell. The reaction was started by adding 0.1 ml. of the deaminase in 
proper dilution, and the readings were taken at 265 my at 3 minute inter- 
vals. 

Experiments at high substrate concentrations (4 & 107° M) were run in 
test-tubes, with proper controls. At appropriate intervals aliquots were 
withdrawn, and the reaction was stopped by adding 99 volumes of 0.1 N 
HCl. This gave the proper dilution to permit readings in the Beckman 
spectrophotometer. 

Definition of Unit Activity—A unit of adenylic acid deaminase was de- 
fined as that amount of enzyme which caused an optical density change of 
0.001 per initial minute in succinate buffer at pH 5.9 at 25° at a substrate 
concentration of 4 XK 10-° mole per liter. Protein determinations were 
made by the method of Lowry ef al. (5). Specific activity is expressed as 
units per mg. of protein. 

Purification Procedures—The results of a purification experiment are 
summarized in Table I. The procedures used for purification were as 
follows: 

1. Preparation of Crude Extract—The crude extract was prepared es- 
sentially as described by Schmidt (1). Minced rabbit muscle was washed 
four times by stirring with 4 volumes of cold 0.85 per cent NaCl for 20 
minutes and squeezing through a cheese-cloth each time.! The deaminase 
was extracted from the colorless residue by stirring with 1 volume of cold 
2 per cent NaHCO; for 1 hour and filtering through a folded Whatman 
No. 12 filter paper. Longer periods of extraction with NaHCQ; led to 
loss of activity. 

2. Adsorption of Deaminase by Alumina—The Cy modification of alu- 
mina was prepared according to the method described in the handbook of 
Bamann and Myrbick (6). The resulting preparation had a dry weight 
of 0.025 gm. per ml. The adsorbent was slowly added to Fraction 1. 5 
ml. per 100 ml. of enzyme were usually sufficient for complete adsorption, 
but occasionally as much as 5 times this quantity was required. The 
suspension was left standing for 15 minutes at 8° with gentle agitation at 
intervals. It was then centrifuged in the cold, the supernatant fluid dis- 
carded, and the deaminase eluted at room temperature with a 1 M solu- 
tion of Na2zHPO,, about one-twentieth of the original volume being used. 
As reported by Schmidt (1), lower phosphate concentrations (0.1 mM) were 


' The ground muscle may be extracted once with 1 volume of 0.03 n KOH prior to 
the four washings with 0.85 per cent NaCl. This step does not decrease the yield 
of deaminase and has the advantage that the KOH extract may be used as starting 
material for the preparation of other muscle enzymes. 
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ineffective in eluting deaminase and, when followed by elution with higher 
phosphate concentrations, resulted in a large loss of units. Generally, this 
step resulted in a 3-fold purification (Table 1). The eluate was stored in 
the cold to permit crystallization of the bulk of the NasHPO,, which was 
discarded. 

3. Fractionation with Ammoniacal Ammonium Sulfate (pH 7.6)—Satu- 
urated ammonium sulfate, adjusted to pH 7.6 with 0.01 volume of 18 per 
cent NH,OH, was added slowly to the eluate to give 0.27 saturation at 
0°. After 10 minutes, the precipitate was removed by centrifugation in 
the cold at 15,000 r.p.m. The supernatant fluid was brought to 0.45 sat- 
uration and, after centrifugation, the 0.27 to 0.45 fraction was dissolved in 
the smallest possible volume of 0.1 M NazHPO,. Approximately 1500 ml. 


TABLE I 
Purification of Muscle Deaminase 
Total Units Specific 
Fraction No. (thou. Protein activity of original 
mil. mg. per ml. 
1. Crude bicarbonate ex- | 5300 0.38 2000 1.46 260 
tract 
2. Alumina eluate 200 7.6 1520 9.2 820 | 76 
3. (NH4)2SO, fraction 0.27- 2.3 60.0 200 22.0 2,700 | 10 
0.45 
4. Paper adsorption 14 3.0 42 0.30 | 10,000 2.1 
5. (NH,)2SO, fraction 0-0.4 0.60 | 33.0 20 5.1 6,400 1.0 


of crude bicarbonate extract gave a yield of about 1 ml. of Fraction 3. 
Step 3 resulted in a 4- to 5-fold purification of deaminase (Table I). 
This preparation could be kept for at least 2 months at 4° without loss of 
activity. 

4. Separation by “Salting Out Adsorption’’—Following the reports of 
Tiselius (7) and Mitchell et al. (3) that protein separations could be ob- 
tained on filter paper by salting out and adsorption displacement, this 
method was applied to Fraction 3. Whatman No. 1 filter paper (50 X 40 
cm.) was rolled into cylinders and the edges held together with staples. 
The enzyme solution was deposited on the paper around the cylinder at a 
distance of 2 inches from the bottom. It was found important to perform 
the next step rapidly, as even the slightest drying imparted lyophobic 
properties to the area upon which the enzyme solution was deposited. 
The cylinder was placed in a glass container having a solvent depth of 
about 1 inch. The solvent consisted of 0.40 saturated ammonium sulfate 
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at pH 7.6, since preliminary tests with paper strips had shown that at 
higher concentrations there was no migration of the protein boundary, 
while at lower concentrations separation of the protein components was 
unsatisfactory. The adsorption process was permitted to continue for 7 
to 9 hours. The cylinder was unfolded and cut horizontally into four 
equal strips. These were extracted with 10 times the original volume of 
2 per cent NaHCQOs. 

The extracts, though varying in total activity, were combined, since 
each showed a higher specific activity than that in Fraction 3. It there- 
fore appears that the purification achieved here is due not so much to 
protein separation by migration as to selective adsorption of inert pro- 
teins by the paper and to selective elution of the deaminase by NaHCOQs. 
Although a good purification was also achieved by elution with 0.1 
NaeHPO,, the recovery of units was lower than when NaHCO; was used. 

5. Refractionation with Ammoniacal Ammonium Sulfate—Further purifi- 
cation of Fraction 4 was not attained by this method. Fraction 4 is rather 
highly diluted, and it is important to precipitate the protein within a few 
hours, after which considerable loss of activity results. Fraction 4 was 
precipitated with ammoniacal (N H,4)2SO, (0.40 saturation), and the precipi- 
tate was spun down and dissolved in 0.1 M Na2HPO,. This step was never 
satisfactory and resulted in loss of units and specific activity. Adsorption 
with alumina was also unsatisfactory. An attempt to purify this fraction 
further by paper adsorption was unsuccessful. 


Results 


Effect of Anions on Deaminase Activity—Anions have a very striking ef- 
fect upon adenylic acid deaminase (Fig. 1). Citrate, chloride, acetate, and 
lactate were found to stimulate deaminase activity. Sulfate, cyanide, 
thiocyanate, and bicarbonate had no effect. Fluoride, phosphate, and 
pyrophosphate were strongly inhibitory. The strong inhibition of de- 
aminase by bicarbonate reported by Conway and Cooke (8) was not observed 
under the conditions of the present experiments. 

Of the stimulatory anions tested, citrate was effective at lowest concen- 
trations, producing marked activation at 8 KX 10-‘m. The concentration 
of chloride required to produce comparable effects was about 40 times as 
high. However, the maximal degree of stimulation was about the same 
with citrate or chloride. A system maximally stimulated by either anion 
was not further activated by addition of the other. 

The nature of the cation was immaterial in these experiments. For 
example, the chlorides of magnesium, sodium, and potassium showed prac- 
tically identical stimulatory effects, whereas the sulfates of these three 
cations were uniformly without effect, even at concentrations as high as 


| 

x= 


G. NIKIFORUK AND S. P. COLOWICK 


123 


0.1 mM. The results were also independent of the buffer used, the same 
effects being observed when malonate buffer of pH 5.9 was substituted for 


succinate buffer. 


The effect of the inhibitory anions was seen not only in succinate buffer 


CONTROL 


10-* 10-3 


250 
> 
CITRATE 
200 
= 
3 150 
NaCl 
100 
ro) 
u SOF 


10-2 


ANION CONC. (MOLES/LITER) 


Fic. 1. Effect of anions on activity. Buffer, 0.1 Mm succinate, pH 5.9. Substrate 


concentration, 4 X 10-5 Mm (solid lines) or 4 X 10-3 m (broken lines). 
dium unless otherwise indicated. Final pH, 5.9 in all cases. 


100 units per 3 ml. of reaction mixture. 


TABLE II 


Sole cation, so- 


Enzyme concentration, 


Effect of Citrate on Fluoride and Phosphate Inhibition 


Substrate concentration, 4 X 10-5 mM; buffer, 0.1 m succinate at pH 5.9. Enzyme 
concentration, 17 units per 3 ml. of reaction mixture. 


Additions 


per 3 min. 


Per cent inhibition 


90 
88 


72 
88 


(Fig. 1) but also in the presence of a stimulatory anion such as citrate 
(Table II). The per cent inhibition by fluoride was independent of citrate 
concentration, whereas the inhibition by phosphate appeared to be less 


pronounced when citrate was present. 


pH-Activity Curve—Schmidt (1) and Kalekar (2) reported a very sharp 
optimal activity for adenylic acid deaminase at pH 5.9. Conway and 
Cooke (8), however, found a rather broad pH optimum around 7. 
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pH curves were determined in succinate and in citrate buffers (0.1 M). 
The data are summarized in Fig. 2, which indicates a very sharp peak for 
deaminase activity at pH 5.9 in succinate. Activity is optimal over the 
very narrow range of pH 5.8 to 6.0. Citrate increases the activity of : 
adenylic acid deaminase markedly. It has the additional property of shift- 
ing the optimum from pH 5.9 (in succinate) to pH 6.4. 

Influence of pH on Fluoride Inhibition—The effect of varying the pH on | 


FLUORIDE 
6x10-4M 
PHOSPHATE 
| 2S x 
z 
= 
FLUORIDE ( 
~ 2x 10o-* M t 
© 
uJ a 
20 25 30 
Fic. 2 Fic. 3 t 
Fic. 2. Effect of pH on activity and on fluoride inhibition in succinate and cit- h 
rate buffers. 5 y of protein (Fraction 5) per 3 ml. of reaction mixture. Substrate, tl 
4X 105m. Citrate (C) and succinate (S) buffer, 0.1 m; fluoride (F), 0.01 m. ( 
Fic. 3. Effect of substrate concentration on activity and on inhibitory action of 
fluoride and phosphate. Substrate concentration (s) expressed as micromoles per 
ml., velocity (v) as micromoles per ml. per minute. Buffer, 0.1 m succinate, pH 5.9. = 
Enzyme concentration, 100 units per 3 ml. of reaction mixture. The broken lines rl 
marked ‘‘fluoride”’ are drawn to indicate a trend rather than a proved linear rela- ce 
tionship. 
fluoride inhibition was studied in succinate and in citrate buffers. With os 


either buffer (Fig. 2), there is little or no inhibition by fluoride around pH pl 
7, but the inhibition is increased strikingly as the pH is lowered, becoming ex 
very pronounced at pH values of 6.3 or below. es 

Influence of Substrate Concentration on Deaminase Activity—The effect de 
of substrate concentration on deaminase activity was studied in 0.1 m suc- pk 
cinate buffer, pH 5.9. The Michaelis-Menten constant (K,,) was calcu- ad 
lated graphically (Fig. 3), according to Lineweaver and Burk (9), to be se 
6.0 K 107° M. 

Knowing the Michaelis constant, one can estimate the turnover number tic 
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of the best preparation of the enzyme (10,000 units per mg.) under optimal 
conditions. 


K +s 6 10°5 + 4 X 
= 
0,000 x 


V =v X 


= 25,000 units per mg. at saturating substrate concentration 


Since citrate at pH 6.4 usually gives an activity about 2.5 times as great 
as that obtained under the standard assay conditions, the above value is 
raised to about 63,000 units per mg. Since the change in extinction co- 
efficient at 265 my due to deaminase activity is close to 9 &K 10° sq. em. 
per mole, and the total volume in the reaction is 3.1 ml., 63/9 X 3.1 X 
100 = 2200 moles of adenylic acid deaminated per 100,000 gm. of protein 
per minute at 25° in citrate buffer at pH 6.4. 

Influence of Substrate Concentration on Anion Inhibition—The effect of 
increasing substrate concentration in the presence of inhibitory anions is 
shown in Fig. 1. At a substrate concentration of 4 K 10-° mM a 50 per 
cent inhibition of deaminase activity was obtained at a fluoride concen- 
tration of 4 K 10-* m. When the adenylic acid concentration was in- 
creased 100-fold, 7.e. to 4 X 10-* M, a 50 per cent inhibition of deaminase 
activity was obtained at a fluoride ion concentration of 2 * 10-4 m, which 
corresponds to a decrease of fluoride ion concentration by a factor of 20. 

In striking contrast to the results with fluoride, it can be seen in Fig. 1 
that increasing the concentration of adenylic acid tends to decrease the in- 
hibition of adenylic acid deaminase by phosphate. The competitive na- 
ture of the inhibition by phosphate, first observed by Conway and Cooke 
(8), is clearly illustrated in Fig. 3. 

Fig. 3 also illustrates further the dependence of fluoride inhibition on 
substrate concentration. The effect is so pronounced that at certain fluo- 
ride concentrations (e.g., 6 * 10-4 m) a 100-fold increase in substrate con- 
centration results in an actual decrease in the rate of the reaction. 

Effect of Magnesium and Phosphate on Fluoride Inhibition—The classical 
experiments of Warburg and Christian (10) on fluoride ion inhibition of 
enolase suggest that enzymes inhibited by fluoride are protein-metal com- 
plexes. Fluoride forms a magnesium-fluorophosphate complex in the pres- 
ence of inorganic phosphate, thus preventing access of the substrate to the 
combining groups of the enzyme. With enolase the fluoride ion inhibition 
depended upon the concentration of three ions: magnesium, fluoride, and 
phosphate. Fluoride and phosphate requirements were met in our system, 
adenylic acid furnishing the phosphate group. The addition of magnesium 
ion to such a system was studied. Table III shows that magnesium ion 
has no effect upon the sensitivity of the deaminase to fluoride ion inhibi- 
tion. Table III also indicates that inorganic phosphate, like magnesium, 
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exerts little effect upon the sensitivity of the deaminase to fluoride inhibi- 
tion. 

Effect of Metals on Deaminase Activity—The inhibition of adenylic acid 
deaminase by fluoride suggested that a metal requirement might be demon- 
strated. 

The addition of Mgt*, Zn**+, Cot+, or Cat* to either the crude or puri- 
fied fractions was without effect. Purification of the deaminase by am- 
monium sulfate fractionation often resulted in a large loss of units (Table 
I). The lost activity could not be restored by addition of magnesium 
ion or by combination of fractions. Fractionation with organic solvents 
(e.g., aleohol) at low temperatures proved unsuccessful in the purification 
of deaminase under the conditions tested. Likewise, the loss of activity 


TaBLe III 
Effect of Magnesium and Phosphate on Fluoride Inhibition 


Substrate concentrations, 2.3 10° 4M; buffer, 0.1 M succinate at pH 5.9. En- 
zyme concentration, 100 units per 3 ml. of reaction mixture. Initial value, Foe, = 35. 


Per cent inhibition 


Experiment No. Additions AFoes per br. by fluoride 

l None 8.4 
MgSO, (2 X 10 2 m) 7.8 

NaF (2 m) 2.7 68 

| MgSO, + NaF 2.1 73 
2 None 8.2 
Phosphate (6 X 10°43 m) 5.4 

NaF (2 X 10°4 m) 3.9 52 

3.0 44 


Phosphate + NaF 


under these conditions was not restored by addition of magnesium ion or 
by combination of fractions. 

Adenylic acid deaminase is sensitive to mercuric ions. Mercury in a 
concentration of 1 X 107° m inhibited adenylic acid deaminase 50 per cent. 
The inhibition is reversed by cysteine. 

Effect of Metal-Binding Agents on Deaminase Activity—The experiments 
on the effect of metals on deaminase activity failed to demonstrate a metal 
requirement. The possibility remained, however, that the protein already 
contained a bound metal in sufficient amounts for full activation. Pro- 
longed dialysis caused a negligible loss of deaminase activity. Studies 
with metal-binding agents were therefore undertaken. 

It has previously been mentioned that cyanide had no effect on and that 
citrate markedly stimulated deaminase activity. 8-Hydroxyquinoline and 
ethylenediaminetetraacetate (Versene) were found to be without effect 
upon deaminase activity under the conditions employed. For studies with 
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the former, both enzyme and substrate solutions were shaken with an 
equal volume of a solution of 0.01 m 8-hydroxyquinoline in CCl, prior to 
measurement of activity. For studies with the latter, the enzyme was 
incubated in 0.5 m Versene at pH 6.0 for periods up to 4 hours prior to ac- 
tivity measurement. 

Effect of Iodoacetate on Deaminase Activity—In view of the sensitivity to 
Hgt*, the possibility that deaminase might possess readily accessible sulf- 
hydryl groups was further tested by using iodoacetic acid. The experi- 
ment was carried out in the following manner. The enzyme was incubated 
at pH 5.9, 23°, in succinate or in succinate plus iodoacetate. After incu- 
bation for 30 minutes, adenylic acid was added to commence the reaction. 
The final concentration of adenylic acid was 0.004 m. Todoacetate pro- 
duced no detectable inhibition of deaminase activity, even in a concentra- 
tion of 0.01 m. 


DISCUSSION 


Although the 5-adenylic acid deaminase of rabbit muscle has been shown 
here to exhibit a marked sensitivity to fluoride ions, no evidence could be 
found for the participation of a metal in the deaminase reaction. It ap- 
pears, therefore, that the mode of action of fluoride in this case may be 
different from that which has been proposed for other enzymes. 

In the case of enolase, Warburg and Christian (10) proposed that fluo- 
ride formed an inhibitory complex with Mg and inorganic phosphate ions. 
In the case of carboxylase, the same authors emphasized that phosphate 
was not required for fluoride inhibition and that fluoride appeared to act 
simply by forming a complex with the required metal. In the case of 
phosphoglucomutase, Najjar (11) has shown that fluoride inhibition is de- 
pendent on the Mg and substrate concentrations and has proposed that 
the inhibitory complex contains fluoride, magnesium, and glucose-1-phos- 
phate. 

In the present case, there is no evidence for the participation of either 
a metal or an inorganic phosphate in the fluoride inhibition. There is, 
however, a clear dependence of fluoride inhibition on substrate concentra- 
tion. It is therefore proposed that fluoride inhibits 5-adenylic acid deami- 
nase by forming an inhibitory fluoro-adenylate complex and that the in- 
hibition is independent of the presence of metals. 

A striking feature of the fluoride inhibition in this case is its marked 
dependence on pH. The fact that raising the pH from 6 to 7 practically 
abolishes fluoride inhibition suggests that the combination of the fluoro- 
adenylate complex with the enzyme is dependent on the presence of certain 
positively charged groups on the protein. On the basis of these results, 
one may suggest that the well known inhibition of acid phosphatases by 
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fluoride and the negligible inhibition of alkaline phosphatases are perhaps 
not characteristics of the enzymes themselves, but of the pH used in the 
assay of activity. However, recent experiments performed by Mr. G. G. 
Roussos and Mr. R. Stahl in the McCollum-Pratt Institute have shown 
that the fluoride sensitivity of prostatic acid phosphatase and the fluoride 
insensitivity of intestinal alkaline phosphatase are pH-independent char- 


acteristics. 
SUMMARY 


| 1. A method is described for purification of 5-adenylic acid deaminase 
from rabbit muscle. The method is based on adsorption by alumina, frac- 
tionation with (NH,)2SO,, and filter paper chromatography. This results 
in a 40-fold increase in specific activity. 

2. The turnover number for the best fraction, in citrate buffer, at a 
substrate concentration of 4 X 107% m is 2200 moles of substrate per 105 
gm. of protein per minute at 25° at pH 6.4. 

3. The effect of various anions was studied: citrate, chloride, acetate, 
and lactate ions stimulate deaminase activity; fluoride, phosphate, and 
pyrophosphate inhibit deaminase activity. 

4. By employing several metal-chelating agents, including ethylenedia- 
minetetraacetate and 8-hydroxyquinoline, it was not possible to demon- 
strate a metal requirement for deaminase activity. 

5. The sensitivity of the deaminase to fluoride is increased by increasing 
substrate concentration or decreasing pH, suggesting the formation of an 
inhibitory fluoro-adenylic acid complex which combines with the positively 
charged groups of the enzyme. 

6. The sensitivity of the deaminase to phosphate is decreased by increas- 
ing substrate concentration, suggesting a simple competition between phos- 
phate and 5-adenylic acid for the enzyme. 

7. The pH optimum for adenylic acid deaminase was found to be 5.9 in 
succinate and 6.4 in citrate buffer. 

8. Mercury in a concentration of 1 X 10-5 mM inhibits deaminase activity 
50 per cent. Cysteine reverses the inhibition. 

9. The deaminase is not detectably inhibited by incubation with 0.01 m 
iodoacetate. 

10. The Michaelis-Menten constant for adenylic acid deaminase at pH 
6 in 0.1 m succinate buffer was found to be 6.0 XK 10-5 m. 


BIBLIOGRAPHY 


1. Schmidt, G., Z. physiol. Chem., 179, 243 (1928); 208, 185 (1932); 219, 191 (1933). 
2. Kalekar, H. M., J. Biol. Chem., 167, 429, 461 (1947). 

3. Mitchell, H. K., Gordon, M., and Haskins, F. A., J. Biol. Chem., 180, 1071 (1949). 
4. Kalekar, H. M., J. Biol. Chem., 167, 445 (1947). 


| 


1M 


49). 


_ Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J., J. Biol. Chem., 
. Bamann, E., and Myrbiack, K., Die methoden der fermentforschung, New York, 


. Tiselius, A., Chem. and Eng. News, 27, 1041 (1949). 

_ Conway, E. J., and Cooke, R., Biochem. J., 33, 479 (1939). 

_ Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 56, 658 (1934). 
_ Warburg, O., and Christian, W., Biochem. Z., 310, 384 (1941-42). 
. Najjar, V. A., J. Biol. Chem., 175, 281 (1948). 


G. NIKIFORUK AND 8S. P. COLOWICK 129 


193, 265 (1951). 


2, 1449 (1949). 


| 

1aps 
the 
own 
ride | 
har- 

| 

l 
nase 
rac- 
ults 
it a 
105 
ate, 
and 
dlia- 
10n- 
sing 
an 
vely 
in 
vity 
pH 
33). 

Wiim 


BIOSYNTHESIS OF RIBOFLAVIN 


III. INCORPORATION OF C'*-LABELED COMPOUNDS INTO THE RIBITYL 
SIDE CHAIN* 


By G. W. E. PLAUT{ anp PATRICIA L. BROBERG 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 18, 1955) 


In previous communications the incorporation of C™ from various or- 
ganic compounds into rings A, B, and C of riboflavin by growing cultures 
of Ashbya gossypui was described (1-3). In the course of these investiga- 
tions it was observed that with certain precursors the specific radioactivity 
of lumiflavin (9-N-methy]-6 ,7-dimethylisoalloxazine) was considerably less 
than that of the riboflavin from which it was prepared. This difference 
can be attributed to the radioactivity of carbons 2’ to 5’ of the ribityl 
moiety which is present in riboflavin but absent in lumiflavin. The pres- 
ent study is concerned with the incorporation of C™ from various simple 
organic compounds into the side chain of riboflavin. 

Materials and Assay M ethods—Glucose-6-C™, glucose-1-C™, and glucose- 
2-C™ were obtained from Dr. Horace Isbell of the National Bureau of 
Standards. Acetate-1-C'™ and acetate-2-C™ were purchased from Tracer- 
lab, Ine. Riboflavin was determined fluorometrically (4). The counting 
of radioactivity was conducted as described previously (1). 


EXPERIMENTAL 


Media—In most of the studies A. gossypit NRRL 1056 was grown on 
the medium of Tanner ef al. (4), consisting of peptone 0.5 per cent, corn 
steep liquor 2.5 per cent, and glucose 2 per cent, adjusted to pH 6.6 to 
6.8 with potassium hydroxide and sterilized for 20 minutes at 20 pounds 
pressure (Medium 1). The organism was cultured for 2 days in shake 
flasks at 24°. Isotopic compounds were then added to the flasks and left 


* This work was presented, in part, before the American Society of Biological 
Chemists, Atlantic City, April, 1954, and the American Chemical Society, Chicago, 
September, 1953. Supported in part by a research grant (No. H-2006) from the Na- 
tional Heart Institute, National Institutes of Health, United States Public Health 
Service, and grants from Hiram Walker and Sons, Inc., Peoria, Illinois, and the 
Wisconsin Alumni Research Foundation. 

t This work was carried out during the tenure of an Established Investigatorship 
of the American Heart Association. Present address, Department of Biochemistry, 
New York University College of Medicine, New York 16. 
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in contact with the organisms for 3 or in most cases 6 hours; the organisms 
were killed by heating, and riboflavin was isolated (1) from the medium. 

When it was of interest to determine the net incorporation of carbon 
from glucose-C"™ into riboflavin, a less complex medium was employed. 
The medium contained peptone 2 gm., glucose-C™ 2 gm., K2H PO, 0.5 gm., 
MgSO, 0.25 gm., biotin 0.25 y, myo-inositol 4 mg., folic acid 1 y, and thiamine 
40 y per 100 ml., adjusted to pH 6.8 with hydrochloric acid and sterilized 
by autoclaving at 20 pounds pressure for 20 minutes (Medium 2). 

Degradation for Carbon 5'—Kuhn et al. (5) reported that formaldehyde 
was formed from carbon 5’ of the side chain of riboflavin upon oxidation 
with lead tetraacetate. The following adaptation of this procedure was 
used for the degradation of radioactive riboflavin: 23 to 25 mg. of the 
vitamin were placed in the boiling flask of a simple distillation apparatus 
fitted with a trap containing a saturated solution of dimedon in acetate 
buffer of pH 4.6. A slow stream of nitrogen was passed through the sys- 
tem. 10 ml. of 0.1 N lead tetraacetate in glacial acetic acid were added to 
the riboflavin, and the reaction flask was immersed in a boiling water bath 
for 90 minutes. At the end of this time, 15 ml. of water were added to the 
contents of the reaction flask to decompose residual lead tetraacetate. The 
solution was filtered, and the residual formaldehyde contained in this fil- 
trate was distilled into the dimedon trap. The dimedon solution was left 
at room temperature for 24 hours, and the formaldehyde derivative was 
filtered and crystallized from 50 per cent ethanol; m.p. 189-190°. 

Degradation for Carbon 1’—In the conversion of riboflavin to lumiflavin 
(1) all of the carbons of the side chain except that carbon adjacent to the 
nitrogen atom (carbon 1’) are lost from the molecule. This carbon is left 
in an N-methyl] configuration, which is attacked by hydriodic acid to give 
methyl iodide. These properties are utilized for the specific degradation 
for carbon 1’. 

20 to 25 mg. of lumiflavin were submitted to a procedure used for the 
determination of methylimino groups (6) under the conditions recom- 
mended for lumiflavin (7). The methyl iodide was absorbed in 3 ml. of 
redistilled quinoline. When the reaction was complete, the quinoline solu- 
tion was poured into 100 ml. of ether in a separatory funnel; a yellow pre- 
cipitate of N-methylquinolinium iodide was obtained.' 20 ml. of water 
were added to this suspension. Upon mixing, N-methylquinolinium iodide 
dissolved in the aqueous phase, while quinoline remained in the ether 
layer. The water layer was washed with five 50 ml. portions of fresh 
ether to assure the complete removal of quinoline. The aqueous phase 
was concentrated to about 10 ml. in vacuo. Picric acid solution was added, 


1 N-Methylquinolinium iodide can be filtered off at this stage; however, the com- 
pound is deliquescent and therefore not suitable for counting. 
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resulting in the precipitation of N-methylquinolinium picrate. This com- 
pound was recrystallized from ethanol, m.p. 164—165° (8) (Fig. 1). 
Carbons 2’, 3’, and 4’—Since reliable methods for the chemical degrada- 
tion of this portion of the riboflavin molecule were not available, the C™“ 
content was estimated as the difference between the molar specific ac- 
tivities of riboflavin, lumiflavin, and carbon 5’. Thus the molar specific 
activity of the carbon 2’ + 3’ + 4’ portion was calculated as follows: 


Carbons 2’ + 3’ + 4’ = riboflavin — (lumiflavin + carbon 5’) 


From the point of view of the chemical authenticity of the individual 


5 
HOCH 
| 0 
3’ Pb(Ac), HOH + CO,+LUMICHROME 
Cs 
CH, 
| 
9 
RIBOFLAVIN 
LIGHT] ALKALI 
CH, \' 
/ 9 ACID QUINOLINIUM 
LUMIFLAVIN PICRATE 
Cy 


Fig. 1. Method of degradation of side chain of riboflavin 


components used in the above equation, this method is reliable; however, 
in many cases a relatively small difference between several large terms is 
sought. This tends to compound the errors of the individual determina- 
tions. Therefore, this calculation yields values for carbons 2’ + 3’ + 4’ 
which can only be considered as approximations. Precise values for these 
carbons must await a reliable method for their direct degradation. 


Results 


The incorporation of C™ from acetate and glucose into the side chain of 
riboflavin was examined in particular detail, since these compounds were 
found to contribute a large share of the total radioactivity in this part of 
the vitamin molecule. The contribution to the ribityl portion by such 
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compounds as carbon dioxide, formate, and glycine must be entirely absent 
or very small, since their major contribution to the radioactivity of ribo- 
flavin can be accounted for in certain portions of the ring system (1). 
Results obtained with C“H;COOH, CH;C“OOH, and glucose labeled 
in various carbons are summarized in Table I. If one were to assume 
that the hexose monophosphate oxidative pathway was the only pathway 
in A. gossypii for the formation of the ribityl portion of riboflavin, one 
would predict that when glucose-6-C™ is used as a precursor only carbon 
5’ of the side chain would be labeled. The results with glucose-6-C™ are 
fairly consistent with such a scheme; however, the data with glucose-1-C™ 


TABLE I 
Incorporation of C'* into Side Chain of Ribeflavin 


| Carbons 
Compound added Experiment Riboflavin Lumiflavin 

| 1’ | 5 | 2’+4 

C'H;COOH 46 7.9 | 35 29 

CH;C“OOH 11 2600 229 | 0 31 

p-Glucose, totally C'™- | 

labeled 13 157 131 14.8 10.5 15.5 
p-Glucose-1-C'4 43* 148 125 28.8 21.7 1.3 
55 600 489 126 78.8 32.2 

p-Glucose-6-C'* 58 519 370 7.9 148 l 
p-Glucose-2-C'4 86 153 100 27.7 51.4 
96 685 512 74 10.5 162.5 


Medium 1 was used in all cases; data as counts per minute per millimole X 10-3. 
*3 hours of contact time with radioactive compounds; all other samples incu- 


bated for 6 hours. 
t Statistical significance of the count questionable. 


do not support such a mechanism. In the hexose monophosphate path- 
way, glucose-1-C™ would have lost radioactivity completely when carbon 
1 is split off as COs, and the side chain of riboflavin should have been in- 
active. Instead, when glucose-1-C"™ was used, the side chain became radio- 
active and contained in most runs approximately 40 per cent of the activity 
of the riboflavin molecule. Data obtained with glucose-2-C™ did not 
support a simple oxidative pathway mechanism either; although carbon 
1’ was quite heavily labeled and carbon 5’ had little activity, there was in 
addition much label in the middle carbons 2’ to 4’. 

The label pattern obtained with glucose-1-C™ as well as glucose-6-C" 
would be fairly consistent with a pathway involving transketolase (9, 10) 
and aldolase as the key enzymes. This relationship for glucose labeled in 
carbon 1, 2, or 6 is represented in Fig. 2. 
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If the scheme (Fig. 2) were the only type of carbohydrate metabolism 
involved in the formation of the ribityl group, one would not have ob- 
tained a substantial incorporation into carbon 1’ with glucose-2-C™. The 
label pattern that was obtained with glucose-2-C™ suggests the possibility 
that both the transketolase and hexose monophosphate mechanisms might 
be involved in the formation of the riboflavin side chain from glucose. 
In addition, if one were to assume that these processes proceed at about 
equal rates here, one might expect the molar specific activity of the car- 
bons 2’ to 4’ portion to be 13 times as great as that of carbon 1’ with 
glucose-2-C™; this condition is fairly consistent with the data (Experi- 
ments 86 and 96, Table I). 

If these two pathways were involved in the formation of the ribityl 


@CH,0H | @CH,0H 
2 +¢=0 TRANSKETOLASE 2 Hat 
7 
glucose 3  CHOH 3 CHOH + TETROSE-PO, 
| + H 
5  CHOH + CHOH 52@CH,PO,H, 
| 
6 CH,PO,H, 
ATP ALDOLASE “RIBITYL” 
ISOMERASE 


EXOSEDIPHOSPHATE 


Fic. 2. The distribution of label from glucose-C"™ via the transketolase-aldolase 
pathways; @, glucose-1-C''; +, glucose-2-C"™; *, glucose-6-C"™. 


group from glucose, one should be able to appraise the relative importance 
of each by a comparison of the extent of incorporation of C™, particularly 
into carbons 1’ and 5’ from glucose-1-C™ and glucose-6-C™. Such a com- 
parison cannot be obtained from the data in Table I since these experi- 
ments were done at different times. In order to make such a comparison 
the conditions of medium and incubation were the same as those described 
under ‘“‘Experimental.”” However, on the 2nd day after inoculation, when 
isotopic compounds were to be added, the contents of all the flasks in the 
run were pooled in a sterile flask, mixed, and pipetted aseptically back into 
the shake flasks. To four flasks, 4 mg. of p-glucose-1-C™ (0.9 ye. of C") 
and, to another set of four flasks, 4 mg. of p-glucose-6-C™ (0.9 ye. of C™) 
were added. After 6 hours, riboflavin was isolated from the pooled glu- 
cose-1-C™ flasks, as well as from the pooled glucose-6-C™ flasks, 100 mg. of 
synthetic riboflavin being added to each as carrier. The specific activities 
of the two riboflavin samples and their corresponding degradation frag- 
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ments are shown in Table II. The specific activity of riboflavin from 
glucose-1-C™ is about one-half as great as that from glucose-6-C"; this re- 
duced incorporation is also reflected by the specific activities of carbons 
1’ and 5’ of the side chain when glucose-1-C'* was employed, compared to 


TaB_e II 
Incorporation of p-Glucose-1-C'* and v-Glucose-6-C'* under Identical Conditions 
Compound recovered Glucose-1-C™ | Glucose-6-C' 


4 mg. of glucose containing 0.9 we. of C'* (glucose-1-C' or glucose-6-C") were 
added per 400 ml. of fermentation mixture (Medium 1). The details of the procedure 
are giveninthetext. Data as counts per minute per millimole X 10~°. 


TaBte III 
Net Incorporation of v-Glucose-1-C'' and v-Glucose-6-C™ 
p-Glucose-1-C'™ p-Glucose-6-C™ 
Compound 
Speci Speci 
radicactivity® mmolest mmolest 
p-Glucose-C™.................. 189 11 209 1lf 
Respiratory CO2............... 25.9 60 23.1 41 


Medium 2 was employed in these experiments; glucose-C'! was present prior to 
inoculation. 

* Counts per minute per millimole X 107°. 

t This represents the quantity of glucose present at the beginning and the amounts 
of carbon dioxide and riboflavin formed during the experiment. 

t A determination of reducing sugar left in the medium after completion of the 
experiment gave a level of 0.28 mmole, indicating that approximately 98 per cent 
of the glucose had been utilized. 


that in carbon 5’ when glucose-6-C™ was used. This incorporation would 
be expected if the side chain were derived about equally from the pathways 
mentioned above. 

An experiment was then designed to follow the net incorporation of C™ 
from glucose into riboflavin by means of a less complex growth medium 
(Medium 2). When the above assumptions were applied, it was calcu- 
lated that the introduction of glucose-6-C™ (209,000 c.p.m. per mmole) 
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would have led to a specific activity of 157,000 c.p.m. per mmole of carbon 
5’ of the ribityl moiety, while a specific activity of 134,000 c.p.m. per mmole 
was observed. A much poorer agreement was obtained in the case of glu- 
cose-1-C'™ (189,000 ¢.p.m. per mmole) with which one would have ex- 
pected specific activities of 95,000 c.p.m. per mmole for carbon 1’ and 
47,500 ¢.p.m. per mmole for carbon 5’, whereas specific activities of 30,200 
and 39,000 c.p.m. per mmole, respectively, were obtained for these carbons. 
The interpretation of the data with glucose-1-C™ is further complicated 
by the fact that the observed ratios for carbon 1’ to carbon 5’ are not 
constant (cf. Tables I, II, and III) and because the difference determina- 
tions for carbons 2’ to 4’ indicate the presence of a certain amount of C™ 
which might suggest the participation of still other pathways of carbo- 
hydrate metabolism (11, 12). 


DISCUSSION 


Much information has been obtained for pathways of carbohydrate 
metabolism leading to pentose formation by studies with enzyme systems 
(cf. (13, 14)); however, data on the incorporation of C™ from various pre- 
cursors into the ribosyl portion of nucleotides are relatively scarce. Bern- 
stein (15) observed that the incorporation of carbon from acetate into 
ribose isolated from the nucleic acids of chicken livers must proceed by 
routes other than the hexose monophosphate oxidative pathway. When 
C“H;COOH was employed in our studies, the incorporation of C“ was 
mainly in carbon 5’ and carbons 2’ to 4’ of the ribityl portion; with CH;C"- 
OOH it was only in carbons 2’ to 4’. This distribution of C™ from acetate 
could be attributed to the labeling of triose phosphate via the citric acid 
cycle. Schmitz et al. (16) found a striking incorporation of radioactivity 
from added glucose-1-C™ into the ribosyl portion of nucleotides isolated 
from Flexner-Jobling tumors. However, in the absence of degradation 
data, it is not clear whether this is through routes other than the hexose 
monophosphate pathway or through enhanced randomization of hexose via 
a triose pool. In contrast, Sowden eé al. (17) obtained practically no in- 
corporation of glucose-1-C™ into the pentose portions of nucleic acids of 
Torula utilis, indicating that the hexose monophosphate pathway is the 
prevalent mechanism. Results indicating a similar pattern with Escher- 
tchia coli were obtained by Cohen (18). 

The results with the aerobic organism A. gossypii suggest that pathways 
other than the hexose monophosphate pathway are important in the forma- 
tion of the side chain of riboflavin; however, the quantitative aspects of 
their contribution are difficult to evaluate, particularly under the condi- 
tions of growing cultures used here, in which medium components aside 
from glucose (peptone and corn steep liquor) markedly contribute to the 
total carbon pool available to the organism. 
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SUMMARY 


The incorporation of C™ from acetate and glucose, labeled in various 


positions, into the ribityl portion of riboflavin by Ashbya gossypii was 
examined. It was found that mechanisms in addition to the hexose mono- 
phosphate pathway play an important rdéle in the formation of the ribity] 
side chain. 
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SYNTHESIS OF HISTIDINE IN ESCHERICHIA COLI 
Il. RADIOISOTOPIC TRACER STUDIES* 


By JOHN WESTLEYf JOSEPH CEITHAML 


(From the Department of Biochemistry, University of Chicago, Chicago, Illinois) | 
(Received for publication, July 5, 1955) 


The precursor of t-histidine, L-histidinol, was first isolated by Vogel e¢ 
al. (1) from cultures of an Escherichia coli mutant. More recently, L-his- 
tidinol, imidazole acetol, and imidazole glycerol have been found by Ames 
el al. (2, 3) in cultures of Neurospora mutants and have been implicated in 
the biosynthesis of histidine in Neurospora. These authors have shown 
that the phosphoric acid esters of the above imidazole alcohols are active 
intermediates in this synthesis, and they have suggested that pentose phos- 
phate might be the precursor of the 5-carbon straight chain of the his- 
tidine molecule (4). Imidazole acetol has also been isolated from cultures 
of an F. coli mutant, and the normal biosynthetic pathway of histidine 
formation in that organism was shown to occur via histidinol and imidazole 
acetol.! 

The present paper reports the results of experiments designed to deter- 
mine the pathway by which the 5-carbon chain of the histidine molecule 
is derived from glucose in F. coli. .L-Histidinol synthesized by an appro- 
priate coli mutant from glucose-1-C'™ and glucose-6-C"™ in separate ex- 
periments was isolated and chemically degraded to determine the distribu- 
tion of C' in the molecule. The data obtained indicate that the 5-carbon 
straight chain of histidine is derived from glucose exclusively via the gly- 
colytic cycle and not at all by the hexose monophosphate shunt mechanism. 


EXPERIMENTAL 


Combustion and Assay of Radioactive Samples—Samples to be assayed 
were converted to CO: by the persulfate wet combustion procedure de- 
scribed by Calvin et al. (5). The CO: was collected as BaCO;, suspended 
in methanol, and plated upon aluminum cups with a surface area of 3.47 
sq.em. The radioactivity of these samples was determined in a window- 


* This investigation was aided by a grant from the Dr. Wallace C. and Clara A. 
Abbott Memorial Fund of the University of Chicago. 

t Aided by a National Science Foundation Predoctoral Fellowship. Parts of this 
report appear in a thesis submitted in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy at the University of Chicago, August, 1954. Present 
address, Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena, California. 

‘Westley, J., and Ceithaml, J., Arch. Biochem. and Biophys., in press. 
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less, gas flow counter with helium saturated with ethanol at 0° as the gas, 
Counting periods were sufficiently long to reduce counting errors to less 
than 5 per cent. Radioactivities were corrected to infinite thickness on 
the basis of the Reid self-absorption curve (6). 

Sources of Isotopically Labeled Glucose—Glucose-6-C™ was synthesized by 
the method of Sowden (7). The radioactive purity of our product was 
tested by treating an aliquot of it with a 2-fold excess of sodium periodate. 
This reagent reacts with glucose to release carbon atom 6 as formaldehyde, 
while the other 5 carbon atoms are transformed into formate (8). After 
standing 1 hour at room temperature, the reaction mixture was made alka- 
line and was then steam-distilled. An aliquot of the distillate was ana- 
lyzed quantitatively for formaldehyde (9), and the remainder was burned 
and counted as BaCO;. The radioactivity of the formaldehyde thus ob- 
tained accounted for 98 + 4 per cent of the total radioactivity of the 
glucose-6-C™. 

Glucose-1-C' was kindly supplied by Dr. Konrad Bloch. A sample of 
this preparation was degraded by oxidation with bromine to gluconic acid 
(10). Subsequent treatment of the gluconic acid with H2O: in the presence 
of ferric acetate liberated carbon 1 as COs, while the remaining 5 carbon 
atoms became arabinose (11). Essentially all of the radioactivity was 
found in the CO, collected during the reaction, although some dilution of 
the specific radioactivity of carbon 1 did occur. The pentose produced in 
this reaction was obtained by deionizing the reaction mixture with Amber- 
lite MB-3. This pentose contained less than 1 per cent of the radioac- 
tivity of the glucose-1-C"™. 

Conditions of Incubation—Mutant CW-314 of F. coli strain W, which 
accumulates L-histidinol, was grown in ten to twelve individual cultures 
kept in 30 ml. screw top test-tubes. Each culture consisted of 15 ml. of 
minimal medium (12) containing unlabeled glucose (0.08 per cent) and 
supplemented with t-histidine (0.02 umole per ml.). This concentration 
of t-histidine limited the growth of the mutant to about 5 X 108 cells per 
ml. The purpose of employing a series of individual cultures in place of 
one large one was to safeguard against a chance back-mutation to the 
wild type during the course of a radioactive experiment. Wild type cul- 
tures of F. coli not only do not accumulate L-histidinol, but can utilize it. 
No back-mutations occurred in any of our cultures during the course of 
our experiments. 

After 24 hours of incubation with shaking at 37°, the bacterial suspen- 
sions were centrifuged and the cells were washed twice with minimal me- 
dium containing no glucose. The washed cells were then resuspended in 
minimal medium which contained as the sole utilizable carbon source 200 
y per ml. of either glucose-6-C™ or glucose-1-C", each possessing a specific 
activity of about 10‘ c.p.m. when counted as infinitely thick samples of 
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BaCOs;. Following 24 hours of incubation with shaking at 37°, these rest- 
ing cell suspensions were then chilled and centrifuged, and the supernatant 
fluids from the individual cultures were combined for the isolation of L-his- 
tidinol. 

Isolation of L-Histidinol—The combined supernatant fluids containing 
L-histidinol were passed through a 1 X 10 inch column of Amberlite IRC-50 
(H) which retained the L-histidinol. After the resin had been washed with 
distilled water, the L-histidinol was eluted with 0.1 N HCl. All fractions 
of the eluate giving a positive Pauly reaction (13) were pooled and dis- 
tilled to dryness under reduced pressure. The dried residue was extracted 
with absolute ethanol, and this extract was evaporated to dryness with the 
aid of a stream of dry air. The t-histidinol dihydrochloride thus obtained 
weighed about 2 to 3 mg. and was dissolved in 10 ml. of water. Small 
aliquots of this solution were used for colorimetric analysis and for radio- 
active assay; the remainder was used for chemical degradation studies de- 
scribed in the next section. It is of interest to note that a 10 per cent 
radioactive yield of L-histidinol from glucose was obtained in these studies, 
ie., 10 per cent of the total radioactivity present in the glucose originally 
added appeared in the L-histidinol finally isolated. 

The colorimetric analysis for L-histidinol was carried out as follows. To 
each of a series of test-tubes were added 0.25 ml. of 1 per cent sulfanilic 
acid in | N HCl and 0.25 ml. of 0.5 per cent NaNO:. Unknown samples 
containing an estimated 5 to 50 y of L-histidinol dihydrochloride were 
added, followed by sufficient water to make the final volume in each tube 
1.5 ml.; finally 0.5 ml. of 5 per cent NasCO; was added. The tubes were 
shaken and allowed to stand for 2 minutes, during which time an unstable 
red color developed. ‘To each tube were then added 6 ml. of 1 M acetate 
buffer, pH 5.0. The yellow color which developed remained stable for 
several hours and was conveniently measured with a Coleman colorimeter 
against appropriate standards at 420 mu. 

To make certain that this procedure for the isolation of pure L-histidinol 
was effective, a preliminary experiment was performed in which unlabeled 
synthetic L-histidinol was added to the combined supernatant fluids con- 
taining radioactive L-histidinol before this solution was passed through the 
Amberlite IRC-50 (H) column. Subsequently, the t-histidinol in each 
fraction of eluate from the column which gave a positive Pauly reaction 
was isolated separately. The radioactivity of the L-histidinol isolated from 
each such fraction was determined by plating a sample of less than 1 mg. 
on an aluminum cup and counting it directly. With such thin samples, 
self-absorption may be neglected, and the radioactivity is proportional to 
the weight of the sample. The quantity of L-histidinol in each fraction 
was determined by the colorimetric method. 

It was found that the t-histidinol obtained from each fraction of eluate 
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was equally radioactive in terms of counts per minute per mg. of L-his- 
tidinol. Moreover, when the t-histidinol from the richest fraction was 
isolated and recrystallized several times, there was no change in its radio- 
activity. The melting point of this crystalline material was identical with 
that of pure L-histidinol dihydrochloride. 

In addition the various L-histidinol samples from this preliminary ex- 
periment were pooled and treated with sodium periodate to yield formal- 
dehyde and imidazole acetaldehyde. The latter compound was then iso- 
lated by ion exchange procedures,’ and each fraction of the eluate contain- 
ing imidazole acetaldehyde was worked up separately. As in the case of 
L-histidinol, the imidazole acetaldehyde in each fraction was found to con- 
tain the same specific radioactivity, although the amounts of the aldehyde 
in different fractions varied greatly. Moreover, the radioactivity of the 
pooled L-histidinol samples could be completely accounted for in the form- 
aldehyde and imidazole acetaldehyde samples isolated, demonstrating that 
the t-histidinol was the sole source of the radioactivity. 

These findings proved the adequacy of the procedure for the isolation 
of L-histidinol from the incubation medium. In all experiments other than 
the preliminary one just described, no carrier L-histidinol was added prior 
to isolation, and all of the fractions of eluate containing L-histidinol were 
pooled befcre distillation to dryness and extraction with ethanol. 

Chemical_Degradation of Radioactive L-Histidinol—The degradation pro- 
cedure for L-histidinol is outlined in Fig. 1. For these studies, the 2 to 3 
mg. of t-histidinol dihydrochloride isolated from the incubation medium 
and dissolved in 10 ml. of water were diluted with 200 mg. of synthetic 
L-histidinol dihydrochloride. One-fourth of this diluted L-histidinol prep- 
aration was dissolved in 4 ml. of 2 N NaOH and shaken with three 0.2 ml. 
portions of benzoy] chloride to yield formate and the insoluble tetraben- 
zoyl compound. After removal of the precipitated tetrabenzoyl com- 
pound, the formic acid was steam-distilled from the acidified reaction mix- 
ture and oxidized to CO: with HgO (14). A sample of the tetrabenzoy! 
compound was also converted to COs by the usual persulfate wet combus- 
tion procedure. 

The remaining three-fourths of the diluted L-histidinol preparation was 
treated with an excess of NaIQ,, to yield imidazole acetaldehyde and form- 
aldehyde. The formaldehyde was steam-distilled from the reaction mix- 
ture, determined colorimetrically (9), and also burned to COs. Imidazole 
acetaldehyde was also isolated. 

It was found that imidazole acetaldehyde would not readily undergo 
the benzoylation reaction which results in rupture of the ring of most 
imidazole compounds (15). Imidazole ethanol, however, undergoes this 


2 Westley, J., and Ceithaml, J., to be published. 
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Fic. 1. Chemical degradation of L-histidinol. The numbers preceding or follow- 
ing CO; refer to the L-histidinol carbon atoms they represent. The carbon atoms are 
numbered as shown in the structural formula for L-histidinol. 
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reaction readily. Therefore, one-half of the imidazole acetaldehyde iso- 
lated was reduced with sodium borohydride to imidazole ethanol. The 
product was isolated by passage of the acidified reaction mixture through 
a column of Amberlite IRC-50 (H) and the subsequent elution of the prod- 
uct with 0.1 N HCl. 

The imidazole ethanol hydrochloride so isolated was then dissolved in 4 
ml. of 2 N NaOH and shaken with three 0.2 ml. portions of benzoyl] chloride 
to yield formic acid and an insoluble tribenzoyl compound. After removal 
of the precipitate, the formic acid was steam-distilled from the acidified 
solution and subsequently oxidized to CO, with HgO. 

The tribenzoyl compound was hydrolyzed by refluxing for 2 hours in 2 
N NaOH in 50 per cent ethanol. Although 2-keto,4-hydroxybutylamine 
was not isolated, its presence in the hydrolysate, as indicated in Fig. 1, 
was expected since by an analogous reaction Shemin and Russell (16) ob- 
tained 6-aminolevulinic acid from an ester of imidazolepropionic acid. The 
presence of 2-keto,4-hydroxybutylamine in the hydrolysate was verified 
by the production of formaldehyde and hydracrylic acid upon treatment of 
the hydrolysate with NalQ, in the following manner. 

The hydrolysate was acidified and dried under reduced pressure. The 
residue was taken up in a small volume of water and extracted four times 
with an equal volume of ether each time to remove the benzoic acid. The 
aqueous solution was again dried under reduced pressure. The residue was 
dissolved in 20 ml. of water and 50 mg. of NalO,y were added. This solu- 
tion was allowed to stand at room temperature for 1 hour, after which it 
was made slightly alkaline and was steam-distilled. The steam distillate 
was found to contain formaldehyde, a portion of which was determined 
colorimetrically, while the remainder was burned to COs. 

The alkaline periodate reaction mixture from which the formaldehyde 
had been removed was dried under reduced pressure, and the residue was 
first extracted with absolute ethanol to remove impurities and then boiled 
with 95 per cent ethanol to remove the sodium hydracrylate. This latter 
extract was dried under reduced pressure, and the residue was treated with 
a chromic acid reagent (17) which decarboxylates hydracrylic acid, yield- 
ing CO, and oxalic acid (18). After removal of sulfuric acid by treatment 
with Amberlite IR-4B (CO;), the solution was concentrated under reduced 
pressure to 10 ml., and 1 ml. of 1 per cent CaCl, was added to precipitate 
calcium oxalate, which was collected, washed, and burned to COs. 

The remaining half of the imidazole acetaldehyde preparation which had 
not been reduced with sodium borohydride was oxidized to imidazoleacetic 


’ The sources of the several imidazole compounds used in the present investigation 
as authentic samples are described in Westley, J., and Ceithaml, J., Arch. Biochem. 


and Biophys., in press. 


1S0- 

The 
rough 
prod- 


lin 4 
oride 
10Val 
lified 


mine 
) ob- 
The 
‘ified 
nt of 


The 
Imes 
The 
was 
olu- 
it 
late 


ined 


yde 
was 
iled 
tter 
vith 
eld- 
ent 


ced 


J. WESTLEY AND J. CEITHAML 145 


acid by refluxing briefly in concentrated HNO; (14). The solution was 
dried under reduced pressure, and the residue was dissolved in a small 
volume of water. Circular paper chromatograms (19) of this preparation, 
developed with 3:1 n-propanol-1l Mm acetic acid (20), showed imidazole- 
acetic acid (:0.60) to be the sole imidazole compound present. The 
solution was then treated with Amberlite IR-4B (CO;) to remove nitric 
acid, after which the solution was concentrated to a small volume from 
which crystals of imidazoleacetic acid were obtained. These crystals were 
dissolved in a mixture of H2SO, and redistilled chloroform and treated with 
sodium azide (21) to yield CO, and imidazole methylamine. 

The H.SO,-chloroform reaction mixture was cautiously diluted with wa- 
ter and the chloroform removed with a stream of air. The addition of 
NaNO, to the diluted reaction mixture resulted in the deamination of 
imidazole methylamine to form 4(5)-hydroxymethylimidazole, which has 
an R- value of 0.70 on circular paper chromatograms in the propanol-acetic 
acid system. The 4(5)-hydroxymethylimidazole was isolated by passing 
the reaction mixture through a column of Amberlite IRC-50 (H) and elut- 
ing the product with 0.1 nN HCl. This compound was then oxidized with 
HNO; to imidazolecarboxylic acid, which was isolated by the method of 
Pyman (22). 

The imidazolecarboxylic acid was heated above its melting point to yield 
CO. and a viscous distillate of imidazole which crystallized upon cooling 
(23). The imidazole was washed from the decarboxylation tube with a 
small volume of chloroform and reprecipitated by addition of petroleum 
ether. The crystals so obtained were dried in vacuo at 75° and then were 
burned to COs. 

All CO, samples obtained from the above procedures were collected as 
BaCO; and plated for assay of their radioactivity. 


RESULTS AND DISCUSSION 


The specific radioactivities of the glucose employed, the L-histidinol iso- 
lated, and the various products obtained from the degradation of L-histi- 
dinol are reported in Table I as counts per minute of infinitely thick sam- 
ples of BaCO;. The total radioactivities of the degradation products of 
L-histidinol are also given, expressed in terms of percentages of the total 
radioactivity of L-histidinol isolated. The percentage of the total radio- 
activity of L-histidinol found in each of the individual carbon atoms is 
depicted in Fig. 2. 

Glucose metabolism in F. coli is known to proceed by at least two sepa- 
rate pathways: (1) glycolysis and subsequent oxidation and (2) the hexose 
monophosphate shunt mechanism (24). These are indicated schematically 
for glucose-1-C™ and glucose-6-C" in Fig. 3. 
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Synthesis of the 5-carbon chain of L-histidinol by condensation of glu- 
cose metabolites from Pathway 1 would result in a high degree of similarity 
in the data from the experiments in which glucose-1-C™ and glucose-6-C" 
were used as carbon sources. In contrast, synthesis of L-histidinol directly 
from glucose by the shunt mechanism would result in great dissimilarity 


in such data. 


TABLE I 


Distribution of C'* in L-Histidinol Synthesized from Glucose-6-C'4 and 
from Glucose-1-C"* 


Sources of BaCOy assayed | ——— 
| Glucose-6-C4 | Glucose-1-C4 | Glucose-6-C# | Glucose-1-C¥ 
| experiment experiment experiment experiment 
Glucose | 10.5 8.94 
C, of glucose (calculated) 63 
C; sé sé 54 
L-Histidinol 12 13 100 100 
C, (L-Histidinol) 15 17 21 
C, 0.52 8.3 1 11 
C; = 2.5 2.4 3 3 
C, 29 27 40 35 
C; - 1.5 3.8 2 5 
Cs ‘: | 18 22 25 28 
C,. and C; (oxalate) 16 45 
C., Cy, and C; (imidazole) 4.8 8.0 20 31 
Cy, Cs, Ce, Cz, and Cs (as tetra- 1.7 2.0 78 85 
benzoyl compound, contain- 
ing 33 C atoms) 


The numbering system for L-histidinol is presented in Fig. 2. 


The results reported in Table I and Fig. 2 indicate a synthesis of the 
5-carbon chain by condensation of a 3-carbon unit (carbon atoms 4, 5, and 
6 of L-histidinol) with a 2-carbon unit (carbon atoms 7 and 8 of L-histi- 
dinol) from pathway 1 of glucose metabolism. Synthesis of the 1-histi- 
dinol chain directly from glucose by Pathway 2 is excluded by the high 
degree of similarity in the data from the two experiments. The only sub- 
stantial difference between the labeling patterns obtained in the two ex- 
periments occurs in carbon atom 4. The higher degree of labeling in the 
glucose-1-C' experiment could be attributed to the production of C™O; 
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and its subsequent fixation into the 3-carbon unit in the position corre- 
sponding to the carboxyl carbon of pyruvate. 


From glucose-6-c)4; 
if 3% “A 24 25% 
N 
Total 92% 


(21%) 


(22%) 


Fig. 2. Distribution of C' in L-histidinol from glucose-6-C™ and from glucose- 
1-C'* expressed in terms of percentage of the total radioactivity of L-histidinol. 
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Fic. 3. Schematic representation of glucose-6-C'™ and glucose-1-C'* metabolism 
via Pathway 1, glycolysis and subsequent oxidation and Pathway 2, the hexose mono- 


phosphate shunt mechanism. 


Moreover, synthesis of the 5-carbon chain by both pathways concur- 
rently is also excluded for the following reason. In the 3-carbon unit 
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arising in Pathway 1, there is at once a dilution of the specific activity of 
the labeled carbon atom to one-half of its value in the glucose used as 
substrate. If the 5-carbon chain of L-histidinol arises from both pathways 
of glucose metabolism, there should be a further dilution of the specific 
activity in the labeled position, at least in the experiment involving glu- 
cose-1-C'*, The data of Table I show, however, that the specific activity 
of carbon atom 6 of L-histidinol synthesized from glucose-1-C" is 50 per 
cent of that of carbon atom 1 of theglucose. In the other experiment, the 
specific activity of carbon atom 6 of L-histidinol synthesized from glucose- 
6-C"™ is 46 per cent of that of carbon atom 6 of the glucose. These data 
support the view that the synthesis of the 5-carbon chain of L-histidinol 
proceeds by way of Pathway 1 exclusively. 

From the results presented in Table I, however, the possible participa- 
tion of pentose or pentose phosphate in the synthesis of L-histidinol in 
E. coli, grown under varying conditions, cannot be conclusively excluded. 
Lanning and Cohen (25), using rapidly growing cultures under vigorous 
aeration, reported that pentose was synthesized in their system primarily, 
but not solely, by the shunt mechanism. Actually their data indicate that 
as much as 20 to 30 per cent of the pentose produced might have arisen 
by a condensation of 2- and 3-carbon units. The vigorous aeration which 
these authors employed would have favored the shunt mechanism by 
rapidly removing CO, from the culture medium. In contrast to the condi- 
tions employed by Lanning and Cohen, the present investigation was car- 
ried out with resting cell cultures aerated by shaking. It is conceivable 
that these conditions might favor pentose synthesis in FE. coli by a conden- 
sation of 2- and 3-carbon units arising from the glycolytic pathway and 
subsequent oxidation rather than by way of the shunt mechanism. More- 
over, it should be noted that, if the condensation of 2- and 3-carbon units 
to form the 5-carbon chain of the histidinol molecule in LE. coli were the 
same as that which Bernstein (26) has demonstrated for pentose formation 
in chickens, then the t-histidinol should be labeled principally in the 4 
and 8 or the 5 and 8 positions. This does not correspond with the results 
of the present work. 

The results presented in Table I and Fig. 2 are consistent with the 
findings of Cutinelli et al. (27) that the carboxyl carbon of histidine ob- 
tained from E. coli, grown on doubly labeled acetate as the sole carbon 
source, is derived from the methyl carbon of acetate. On the other hand 
the results are not in agreement with the data reported by Levy and Coon 
(28) for histidine synthesis from glucose-1-C"™ in yeast. 


SUMMARY 


L-Histidinol synthesized by a mutant strain of Escherichia coli from glu- 
cose-6-C" and glucose-1-C" in separate experiments was isolated and chem- 
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ically degraded to determine the distribution of Cin the molecule. The 
data obtained indicated that, in the aerobic resting cell system employed, 
the 5-carbon chain of L-histidinol was synthesized by a condensation of 
2- and 3-carbon units arising from glycolysis and subsequent oxidation. 
Participation of the hexose monophosphate shunt mechanism in this syn- 
thesis was excluded. 
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PARTICIPATION OF FREE AMINO ACIDS IN PROTEIN 
SYNTHESIS* | 


By ROBERT B. LOFTFIELD anp ANNE HARRIS 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital 
of Harvard University at the Massachusetts General Hospital, 
Boston, Massachusetts) 


(Received for publication, July 5, 1955) 


There has long been speculation as to whether protein can be synthesized 
only from free amino acids or whether large or small peptide fragments 
can be incorporated directly into a new protein molecule without prior 
degradation to individual amino acids. In the case of bacterial protein 
synthesis, the work of Spiegelman and coworkers (3, 4) and Monod et al. 
(5, 6) strongly suggests that all of the new protein in growing bacteria is 
derived from the free amino acid pool with essentially no contribution from 
the protein already present. For instance, in several cases bacteria have 
been cultured on a radioactive substrate which is ultimately incorporated 
into all the protein of the organism. After transfer to a non-radioactive 
medium, the synthesis of a new enzyme was induced. The induced en- 
zyme contained no radioactivity and hence could not have been derived 
from the preexisting labeled protein. 

The situation is less clear with higher organisms such as mammals. 
Simpson and Velick (7) and Heimberg and Velick (8) measured the extent 
of incorporation of several radioactive amino acids into several proteins of 
rabbit muscle and concluded that these proteins are synthesized at differ- 
ent rates from a common amino acid pool. Most recently, Askonas and 
her associates (9, 10) have isolated some thirty peptides from a partial 
hydrolysate of casein and of B-lactoglobulin obtained from milk secreted 
after an injection of labeled lysine and valine into a goat. There was no 
variation in specific activity of the valine or the lysine from one peptide to 
another. Barring a most unlikely coincidence, the explanation is that 
these proteins are synthesized rapidly and exclusively from a common 
amino acid pool. 


* Supported by grant No. C-2387 of the United States Public Health Service and 
by grants-in-aid from the United States Atomic Energy Commission. The C'™ used 
on this project was obtained on allocation from the United States Atomic Energy 
Commission. This material was presented in part at meetings of the American 
Society of Biological Chemists in April, 1954 (1), and April, 1955 (2). This work 
was initiated while one of us (R. B. L.) held a Damon Runyon Memorial Fellowship 
under Professor Hugo Theorell at the Nobel Medical Institute in Stockholm. 

This is publication No. 858 of the Cancer Commission of Harvard University. 


151 


| 


152 FREE AMINO ACIDS IN PROTEIN SYNTHESIS 


On the other hand, Francis and Winnick (11) report that phenylalanine- 
labeled proteins from embryo extract are incorporated directly into the 
protein of a tissue culture, because addition of considerable amounts of 
unlabeled phenylalanine to the medium did not prevent the incorporation. 
For much the same reason, Babson and Winnick (12) argue that leucine 
and tyrosine are transferred from rat plasma protein directly to tissue 
protein in the rat, since there was no inhibition of the transfer on injection 
of unlabeled amino acids. Finally, as the result of similar experiments, 
Friedberg and Walter (13) report that S**-containing amino acids in labeled 
plasma proteins are transferred directly to tissue protein. 

In rats, the intravenous injection of saccharated iron oxide stimulates 
the production of liver ferritin in a way reminiscent of adaptive enzyme 
formation (14, 1). Because of the problems of protein breakdown and re- 
synthesis, it is not possible to convert abruptly from a fully labeled medium 
to a completely non-labeled medium as it is with bacteria. However, if 
labeled L-amino acids are used, it is possible to determine the actual intra- 
cellular specific activities of individual amino acids after chromatographic 
isolation.!. Thus it is possible to examine a protein being synthesized de 
novo in the presence of amino acids of known specific activity. 


Materials and Methods 


All animals used in these experiments were adult male Wistar rats weigh- 
ing between 200 and 265 gm. Four of the six rats used in the 6 hour to 3 
day infusion experiment were litter mates. 

L-Valine-C™, L-isoleucine-C™, and L-leucine-C™ were prepared by varia- 
tions of the Bucherer hydantoin synthesis from BaC™O; through KC"'N 
(15). Resolution was effected with the acetyl derivatives with acylase I, 
which was kindly supplied by Dr. Birnbaum (16, 17). The saccharated 
iron oxide used was the commercial preparation Feojectin (courtesy of 
Smith, Kline and French). 

Rats, in apparently good health as measured by daily weight gain, were 
anesthetized, and a femoral vein was catheterized with polythene tubing. 
The catheter was brought out through the rat’s back, where it was secured 
by a loose-fitting plaster collar. After recovery from anesthesia, injections 
were given or continuous infusion was begun. The rats were given water 
ad libitum and had good appetites. After three days, they still seemed 
healthy, the only death during these experiments being due to pneumonia. 

At the end of the experiment, the rat was decapitated, the liver was 
excised, and part. of the liver was homogenized in a Waring blendor with 


1 The use of pL-amino acids is precluded because only the specific activity of the 
i form is of consequence. This would be impossible to determine when the C! pi- 
amino acid is mixed with an uncertain amount of C!? L-amino acid in the cell if, as is 
likely, the rates of destruction of the L and p forms are different. 
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30 ml. of 1 per cent picric acid (18), all within 1} minutes after the infusion 
was stopped. In order to minimize errors due to proteolysis and con- 
tinued metabolism, no time was used in an attempt to perfuse the livers. 

The precipitated protein was centrifuged, the picric acid removed on 
Dowex 1 (chloride form), and the amino acids were concentrated by ad- 
sorption on a 4 X 1 em. column of Dowex 50 (hydrogen form) and by elu- 
tion with 5 ml. of 5 N ammonium hydroxide. The eluate was evaporated 
to dryness in a stream of nitrogen and, in some cases, was treated with 
performic acid to oxidize cysteine and glutathione which interfered in vary- 
ing degrees with the chromatography. The amino acids were chromato- 
graphed on Amberlite XE-69 (strong acid resin, hydrogen form; obtained 
by courtesy of Rohm and Haas) with the use of 100 X 0.4 cm. columns 
and 2.0 n hydrochloric acid. 1 ml. fractions were collected, concentrated 
and transferred to clean 22 mm. No. 1 circle cover-slips (Corning), and 
evaporated to dryness. The total radioactivity of each fraction was de- 
termined with a Geiger-Miiller end window counter. Each glass planchet 
was then broken in a colorimeter tube and the total amino acid content 
determined by the ninhydrin method (19). With as little as 0.2 umole of 
amino acid and a 200 c.p.m. total, it was generally found that the three 
or four peak tubes had specific activities within 10 per cent of each other. 
An occasional grossly aberrant value was rejected. 

The part of the liver not homogenized with picric acid was homogenized 
with water. After 1 hour the homogenate was centrifuged, and the mate- 
rial in the supernatant fluid which was precipitated between the limits of 
16 and 25 gm. of ammonium sulfate per 100 ml. was collected, taken up 
in water, and heated at 75° for 5 minutes. 1 gm. of ammonium sulfate 
was added to each 4 ml. of the supernatant solution, and the resulting 
precipitate, which contained all of the ferritin, was taken up in 3 ml. of 
water. 4 ml. of ethanol were added and, after 15 minutes at room tem- 
perature, the suspension was centrifuged. The sediment, which contained 
ferritin and denatured protein, was taken up in water, dialyzed, and cen- 
trifuged. The insoluble residue at this point is later referred to as the 
“alcohol denatured discard.” The supernatant fluid was a solution of 
ferritin containing between 17 and 22 per cent of iron. The ferritin was 
assayed for radioactivity and then hydrolyzed by being heated for 12 hours 
in6 N hydrochloric acid at 115°. The hydrolysate was concentrated nearly 
to dryness, fractionated on an Amberlite XE-69 column, and assayed as 
described above. In Fig. 1 a typical chromatogram appears. 


Results 


Young rats growing well on our stock diet accumulate no iron reserves 
in the form of ferritin. After the intravenous injection of 5 mg. per 100 
gm. of saccharated iron oxide, there is a nearly linear increase in liver 
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ferritin in the interval from 4 hours to 3 days. The amount subsequently ! 


remains rather constant at about 8 mg. per liver for several weeks. If the 
ferritin is synthesized directly from free amino acids, and if the free intra- 
cellular amino acids have been maintained at a constant specific radio- 
activity during this period, the individual amino acids in the ferritin should 
have exactly the same specific activity as the free amino acids. 

In Table I, under conditions of continuous infusion, the intracellular 
specific activity of each amino acid did not vary from the average by more 
than about 20 per cent during 3 days. Since the saccharated iron oxide 

was injected after the infusion was commenced, all of the ferritin isolated 
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Fic. 1. A typical chromatogram of a ferritin hydrolysate for the calculation of 
the specific activities of constituent amino acids. 0.4 K 105 cm. Amberlite XE-69 
column; elution with 2.0 n HCl. ©, micromoles of amino acid per fraction; X, 
counts per minute per fraction. 


in five experiments was synthesized during this period when the intracel- 
lular valine, leucine, and isoleucine possessed constant specific activity. 
It is noteworthy that the valine, leucine, and isoleucine found in each of 
five such ferritin samples are almost all within 20 per cent of the average 
specific activity of the corresponding intracellular amino acid. ‘To the 
extent that endogenous (hence at the outset non-radioactive) proteins con- 
tribute to ferritin synthesis directly, the radioactivity of the amino acids of 
the ferritin should be lower than that of the corresponding intracellular 
free amino acids. The figures in Table I are not consistent with such a 
direct conversion of protein to ferritin. Somewhat lower specific activities 
were observed for the amino acids in ferritin isolated after 6 hours. These 
values have been rejected because the ferritin was grossly impure. 

The proteins in the various subcellular fractions and the protein saved 
from various steps in the isolation of ferritin were all assayed for radio- 
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activity. All of the protein samples from a given point of time were ap- 
proximately equally radioactive, except that the protein remaining soluble 
in 25 per cent ammonium sulfate solution was consistently one-fourth less 
radioactive than the average. The average radioactivity increased from 
about 300 c.p.m. per mg. of protein at 6 hours to about 650 c.p.m. per mg. 
of protein at 3 days. The most radioactive of such proteins, the alcohol- 
denatured discard from a 3 day infusion, had 240 ¢.p.m. per umole of 


TABLE I 
Continuous Infusion of C'* Amino Acids into Adult Rats 
Counts per minute per micromole of amino acid isolated 
Weight of rat Time Ferritin L-Valine-C L-Isoleucine-C L-Leucine-C™ 
Ferritin Ferritin Ferritin 
255 4 hrs. 450 700 1040 
240 1 day 750 525 520 800 805 1180 
244 2days| 850 t 800 t 500 t 990 
264 = 1000 608 663 660 650 900 755 
250 lass 1050 780 720 575 500 1180 1020 
Average..... 590 675 645 610 981 986 


Each of six male Wistar rats was given 10 mg. of saccharated iron oxide intra- 
venously, and simultaneously continuous infusion (0.74 ml. per hour) was commenced 
witha solution containing L-valine-1-C"™ (30.6 mM; 3230 c.p.m. perumole), L-isoleucine- 
1-C™ (12.8 mm; 3800 c.p.m. per umole), L-leucine-1-C' (22.9 mm; 7160 ¢.p.m. per 
umole), 0.04 m sodium chloride, and 0.31 m glucose. The rats received no protein in 
the diet. The specific activities of the free intracellular amino acids and of the amino 
acids of the ferritin hydrolysate were determined as described in the text. 

* The entire liver was used for determination of intracellular specific activities. 

t The entire liver was used for isolation of ferritin. 


valine, 140 c.p.m. per umole of isoleucine, and 480 c.p.m. per umole of 
leucine. 

In a second series of experiments, the animals were first given a large 
dose of leucine-C™ by tail-vein. 24 hours later the femoral vein was 
catheterized. Immediately after 10 mg. of saccharated iron oxide were 
injected through the catheter, an intravenous infusion of unlabeled L-leu- 
cine (22 mg. per hour) was begun. We anticipated that the high influx 
of non-radioactive leucine would maintain the intracellular pool of leucine 
at a very low specific activity and that the ferritin formed would be non- 
radioactive, although the other proteins would all be labeled. Table II 
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indicates that the specific activity of the intracellular leucine remained | 


higher than the average specific activity for total liver protein for at least 
1 day, despite the continuous infusion of unlabeled leucine. No conclu- 
sions regarding the source of ferritin leucine can be drawn. However, the 
data suggested a possible explanation of the experiments of Francis and 
Winnick (11), Babson and Winnick (12), and Friedberg and Walter (13), 
in which considerable amounts of unlabeled amino acid failed to inhibit 
the incorporation of radioactive amino acid derived from labeled protein 
into the protein of a tissue culture or of several organs in a rat. Large 
amounts of intravenously administered leucine mix only partially with leu- 


TABLE II 


Specific Activity of Leucine in Total Liver Protein, Ferritin, and Free 
Intracellular Leucine after Infusion with Unlabeled Leucine 


Time Total protein Free liver leucine Ferritin 
c.p.m. per umole c.p.m. per pmole c.p.m. 
230 350 373 
174 173 205 


Each of three rats weighing 200 gm. was injected with pL-leucine-1-C" (5 umoles, 
1.5 X 10’ c¢.p.m.). 20 hours later saccharated iron oxide (10 mg. of Fe) was injected, 
and the animal was continuously infused with 1.1 ml. per hour of a solution contain- 
ing 2.0 gm. of L-leucine, 4.0 gm. of glucose, and 0.2 gm. of sodium chloride per 100 
ml. Throughout the experiment the rats ate a normal diet. The time is measured 
from the beginning of the infusion; specific activities were determined by chromato. 
graphic isolation of the leucine. 


cine produced intracellularly by proteolysis and hence do not ‘‘wash out” 
the intracellular radioactive amino acids. 

To check this point, L-leucine-C™ was injected intravenously into 150 
gm. rats in doses of 25 umoles per 100 gm. every 10 minutes. This is 30 
mg. of t-leucine per hour or approximately 3 times the normal rate of 
dietary intake. After 5 minutes, the first animal was killed, and the spe- 
cific activity of the intracellular leucine was found to be only 35 per cent of 
that of the injected leucine. The specific activity of the intracellular leu- 
cine did not exceed 40 per cent of the injected specific activity even after 
80 minutes. 


DISCUSSION 


The present evidence complements that of Askonas et al. (9, 10) and of 
Simpson and Velick (7). Entirely different experimental designs applied 
to three different protein-synthesizing systems have led to one conclusion 
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that all, or very nearly all, of the amino acid residues in several protems 
are derived from the free amino acid pool. If this conclusion is justified 
for the rapid production and secretion of large quantities of milk protein, 
for the very slow “turnover” of intracellular muscle enzymes, and for the 
synthesis de novo of ferritin, it is reasonable to suggest that all protein is 
synthesized from the free amino acid pool. Arguments to the contrary 
must be closely examined. 

As indicated above, experiments in which an effort has been made to 
limit reincorporation of residues from labeled protein by flooding the tissue 
with unlabeled amino acid are not conclusive. Another serious criticism 
of this type of experiment is that no proof is available that the tissue pro- 
tein finally assayed does not include some of the original completely un- 
modified protein. Thus Babson and Winnick ((12) Table IV) report that, 
after 2 hours, the protein specific activities in the liver and kidney protein 
of the rat were about 5 per cent of the activity of the tagged plasma pro- 
tein. This much activity could be accounted for by no more than 10 per 
cent of plasma in the organs. Alternatively, there is evidence from several 
sources that intact protein molecules can be absorbed into cells, and it 
seems quite possible that there may be a specific imbibition of certain pro- 
teins by certain organs (20). Ebert (21) has shown that, when transplants 
of radioactive chick embryo kidney, liver, or spleen are made into chick 
embryos, the radioactivity appears almost exclusively in the corresponding 
organ of the embryo. Although the possibility of partial breakdown and 
resynthesis is not excluded, it seems quite likely that entire unmodified 
protein molecules have been selectively absorbed by the organ for which 
they are most specific. 

The unequal labeling of amino acid residues in proteins by Anfinsen and 
his coworkers (22-24) suggests a stepwise synthesis of the protein through 
peptide intermediates. The present evidence requires that, if there are 
peptide intermediates, these must be derived only from free amino acids 
and not from preformed protein. 

In calculations of turnover rates, it has been tacitly assumed that free 
amino acids were the precursors of protein. This assumption is justified. 
However, the specific activity of the intracellular amino acid is not likely 
to be the same as that of the injected amino acid. Thus, turnover rates 
based on a single massive injection may be in error by a factor of 2. In 
the same way, so much reincorporation of amino acids from the breakdown 
of protein takes place that turnover rates based on apparent rate of decay 
are quite inaccurate. This is confirmed by the experiments of Penn, Man- 
deles, and Anker (25), who have recently found that the rate of loss of 
tagged plasma protein depends on whether other proteins in the animal 
are labeled. 
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Finally, although proteins appear to be derived only from free amino 
acids, it is of interest to note that, in turn, more than half of the free amino 
acid pool is derived from protein. Thus, in our first experiments in which 
no amino acids were received in the diet, for every amino acid molecule 
entering ferritin from the circulation approximately seven came from pre- 
existing non-labeled liver (and plasma?) protein. In the last experiment, 
despite the infusion of 225 ywmoles of leucine per hour, at least half of the 
intracellular leucine, and hence half of the protein synthesis, is derived 
from unlabeled endogenous protein. 


We are especially grateful to Dr. N. L. R. Bucher, who performed all of 


the animal surgery, and to Dr. P. C. Zamecnik, Dr. E. B. Keller, and Dr. 


J. C. Aub for their advice and interest. 


SUMMARY 


L-Valine-C™, L-isoleucine-C™, and t-leucine-C™ have been infused con- 
tinuously into rats to maintain a relatively constant level of radioactivity 
in these amino acids over a 3 day period. Saccharated iron oxide was in- 
jected to stimulate ferritin synthesis. The ferritin isolated after various 
intervals was found to have the same radioactivity in the three amino 
acids as was present in the liver tissue. It is concluded that ferritin, like 
several other proteins, is synthesized only from free amino acids and not 
directly from other proteins. 

It has also been noted that the bulk of the free amino acids within the 
liver tissue is derived from endogenous protein, even when relatively large 
amounts of amino acid are introduced into the circulation. This observa- 
tion affects many determinations of “‘turnover rates” and is important in 
considering experiments which seem to show a direct conversion of one 
protein into another. 
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THE AMINO ACIDS IN THE ICHTHULOKERATIN OF SALMON 
EGGS* 


By E. GORDON YOUNG anp DONALD G. SMITH 


(From the Maritime Regional Laboratory, National Research Council, 
Halifaz, Canada) 


(Received for publication, August 22, 1955) 


Few analyses of the amino acids which occur in pseudokeratins have 
been published, and they are rather incomplete with the exception of those 
for neurokeratin (2). Some amino acids have been determined in koilin 
(6) and in the keratin of the egg casings of the dogfish (8), of the herring 
(11), and of the egg-shell of the domestic fowl (5). There are a few analyses 
of the conchiolins of mollusks and echinoderms (9). Subdivision of the 
keratins into eukeratins and pseudokeratins as proposed by Block (1) re- 
quires further evidence. Pseudokeratins are presently considered to in- 
clude the keratins of nerve tissue, horse burrs, whale baleen, pelican ex- 
crescences, sponges, corals, and egg casings of fish (3). They differ sharply 
from the eukeratins in containing much less cystine, and tend to be more 
soluble and less resistant to enzymic hydrolysis. The ratio of histidine- 
lysine-arginine is not 1:4:12, but nearer 1:2:3 or 1:3:4. The work to be 
described was carried out in the extension of previous analyses (12) with 
the object of obtaining more information on pseudokeratins. 


EXPERIMENTAL 


Preparation—Unfertilized eggs of the Atlantic salmon, Salmo salar, were 
procured from a local hatchery in November and kept in water at 0°. They 
were washed in 1 per cent sodium chloride at pH 7.5 and in tap water, and 
then rolled on filter paper, crushed in cheese-cloth by hand, and strained 
to remove the yolk. The casings were suspended in 10 per cent sodium 
chloride at pH 8.4 and stirred mechanically for several days at 0°. They 
were washed repeatedly and successively in 5 and 1 per cent saline until 
the washings gave no reaction to a test for protein, and then in distilled 
water until free from chloride. Finally they were dehydrated in absolute 
ethanol and ether, and dried to constant weight in vacuo. After comminu- 
tion in a Wiley mill, the material became a finely membranous, snow-white 
powder. 1 quart of eggs yielded 6.2 gm. of casings. 

Properties—An aliquot of 0.5 gm. was boiled under a reflux in distilled 
water for 24 hours to convert any collagen present into soluble gelatin. 
Loss of weight by this procedure was 11.4 per cent as determined directly 


* Issued as Publication No. 3820 of the National Research Council. 
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by micro-Kjeldahl estimation of nitrogen on the extract. The residue was } 


extracted with M/15 NasHPO,:12H,0 at 0°, pH 8.7, for 4 days to remove 
any residual mucoid, but the nitrogenous material in the extract was negli- 
gible at 1 per cent. Previous experiments (12) have shown this protein to 
be insoluble in all reagents which did not degrade it. 

A fresh aliquot was suspended in 0.5 per cent NasCO; containing 0.1 per 
cent of commercial trypsin and Merthiolate (1:1000) at 37°. The nitrogen 


TABLE I 


Distribution of Amino Acids in Ichthulokeratin of Casings of Salmon Eggs 


Percentaminoacid| Percent amino | Neurokeratin,* gm. 
Amino acid | in acids of original amino acid per 
ydrolysate protein gm. N 
ree 6.0 9.2 3.7 
Ee 8.6 14.5 11.9 
3.2 4.8 11.3 
Serine.......... 3.3 4.3 3.3 
es | 85.7 | 100.5 120.9 


in solution increased slightly on the first 2 days, but the loss of protein 
amounted to only 9 per cent in 5 days. This was taken to indicate indi- 
gestibility of the ichthulokeratin by trypsin. 

Another aliquot was suspended in 0.1 N HCl containing 0.03 per cent of 
commercial pepsin at 37°. The nitrogen in solution increased rapidly in 
24 hours, and the ichthulokeratin passed completely into solution in 48 
hours. A control test with 0.1 N HCl brought about a slow dissolution 
which amounted to 12 per cent of the casings in 5 days. 

Ichthulokeratin was suspended in a saturated solution of commercial 
papain in 1 per cent of sodium bisulfite adjusted to pH 6.8, and the mix- 


| 

S 

p 

tl 

0 

ls 

nh 

b 


E. G. YOUNG AND D. G. SMITH 163 


ture was incubated at 38°. About 50 per cent of the ichthulokeratin 
passed into solution in 24 hours and 85 per cent on prolonged action and 
renewal of the papain. A control preparation without papain showed no 
dissolution of protein. 

Analysis—Since only approximately 10 per cent of the weight of our 
preparation appeared to be impure the analysis of the distribution of 
amino acids was carried on without further effort at purification. The 
nitrogen content was 16.1 per cent. 

A 200 mg. sample was hydrolyzed by boiling in 50 ml. of 12 n HCl for 
24hours. Excess acid was removed by repeated distillation in vacuo, and 
the final residue was dissolved in 10 ml. of water. The solution was ad- 
justed to pH 4 with silver oxide and clarified by centrifuging at 5000 r.p.m. 
The free amino acids in the hydrolysate were determined quantitatively 
by the technique of ion exchange by the method of Moore and Stein (7). 
The total nitrogen in the hydrolysate represented 93 to 96 per cent of the 
total nitrogen of the protein. 

To determine the amount of tryptophan present, the protein was hy- 
drolyzed in 14 per cent of barium hydroxide, and barium was removed 
from the resulting solution with 1 N sulfuric acid to establish a pH of 4. 
The resulting solution was chromatographed on a 15 ecm. column of Dowex 
50 by the method of Moore and Stein (7). 

The content of cystine was estimated as cysteic acid by chromatography 
on Dowex 50 resin by the procedure of Schram, Moore, and Bigwood (10). 
Chromatographic separation on Dowex 2, as recommended by these in- 
vestigators, was not found satisfactory (Table I). 


DISCUSSION 


The pattern of amino acids in our preparations of ichthulokeratin is 
similar to that of neurokeratin, but differs from the latter in containing 
more proline and distinctly less of phenylalanine and the leucines. Both 
proteins exhibit a low content of cystine, serine, and arginine as compared 
with eukeratins. Both proteins contain much less glycine and alanine 
than do the collagens, elastins, gorgonins, spongins, or fibroins. Analyses 
of conchiolins are still too fragmentary for comparison but show a simi- 
larity in some species (9). 

The ratio of histidine-lysine-arginine in ichthulokeratin is 1:3:4.5, which 
agrees with the earlier determination of 1:3:4 of Young and Inman (12) 
and differs from that of 1:4:12 of eukeratins. The ratio of lysine-argi- 
nine is 2:3. Ichthulokeratin resembles typical collagen in its digestibility 
by pepsin, but in no other way. It appears to be somewhat similar to 
ichthylepidin (4). These facts tend to point to the heterogeneity of the 
scleroproteins and the keratins in particular and to emphasize the diffi- 
culty of satisfactory classification. 
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SUMMARY 


The distribution of eighteen amino acids in the ichthulokeratin of the 


casing of salmon eggs has been determined by chromatographic methods, 
The similarity to neurokeratin and the ratio of histidine-lysine-arginine 
of 1:3:4.5 confirm the classification of this protein as a pseudokeratin. It 
has been shown to be readily digestible by pepsin but not by trypsin. 


We take this opportunity of expressing our thanks to Miss C. A. Suther- 


land and Mr. F. G. Mason for able technical assistance. 
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INTRODUCTION OF UNNATURAL PYRIMIDINES INTO 
DEOXYRIBONUCLEIC ACID OF ESCHERICHIA COLI* 


By STEPHEN ZAMENHOF, BUENA REINER,t ROSALIE De GIOVANNI, anp 
KENNETH RICH 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York, New York) 


(Received for publication, May 31, 1955) 


The introduction of 5-bromouracil and 5-iodouracil into the deoxyribo- 
nucleic acid (DNA) of Escherichia coli has been independently established 
by British and American investigators (1-3), who have extended the pre- 
liminary observations of Weygand et al. (4, 5). These substances are 
structural analogues of thymine and act as inhibitors of the growth of 
Lactobacillus casei (6). When present in culture media in which certain 
strains of /’. colt are grown, 5-bromouracil may replace up to 28 mole per 
cent of the thymine of the highly polymerized DNA of these cells (2); 
5-iodouracil is also incorporated under similar circumstances, although to 
a lesser degree (3). 

The effect of 5-chlorouracil has now been examined. This substance is 
also introduced into the DNA of the cells, and a study has been made of 
the extent to which thymine is replaced by the analogue as a function of 
the size of the substituent in the 5 position of uracil. In addition, the cor- 
relation between the extent to which thymine is replaced by 5-bromouracil 
and the corresponding thymine requirement or the inhibition of growth by 
5-bromouracil has been examined in several strains. Finally the introduc- 
tion of 5-bromouracil into the DNA of non-dividing cells has been studied. 


EXPERIMENTAL 
Introduction of Unnatural Pyrimidines into DNA 


Materials—5-Bromouracil was a commercial product (Krishell Labora- 
tories, Inc., Portland, Oregon) containing 5.5 per cent of uracil (chromatog- 
raphy), which did not interfere in this study. 5-Iodouracil was synthesized 
by a modification of the method of Johnson and Johns (7), and, after two 
recrystallizations from hot water, contained no detectable uracil. 5-Chlo- 


* This investigation was supported by research grant No. C-1750 from the Na- 
tional Institutes of Health, Public Health Service, research grant No. G-8 from the 
American Cancer Society, and an Institutional Grant from the American Cancer 
Society to Columbia University. 

t A part of this report is from a dissertation to be submitted by Buena Reiner in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy in the 
Faculty of Pure Science, Columbia University. 
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rouracil was kindly supplied by Dr. D. W. Visser, University of Southern 
California, and after one additional recrystallization from hot water it 
contained 4 per cent of uracil. 2-Thiothymine was a commercial product 
(Nutritional Biochemicals Corporation, Cleveland, Ohio). Uracil, uracil 
riboside (Schwarz Laboratories, Inc., Mt. Vernon, New York), and uracil 
deoxyriboside (California Foundation for Biochemical Research, Los An- 
geles) were commercial products. 

Strains—The strains of FP. coli used in this study were strains I and II 
(2), strain I/Br, a thymine-requiring mutant of strain I which is more 
resistant to the growth inhibition caused by 5-bromouracil, and wild strain 


B, which has been used extensively as a host in the T series phage experi- | 
ments. This last strain does not require thymine, and its growth is not | 


inhibited by 5-bromouracil. The behavior of these strains is described in 
more detail elsewhere (8). 

Bacterial Cultures—The various strains of EF. coli were maintained on 
Difco nutrient broth, except for strain I/Br, which was maintained on syn- 
thetic broth (9) containing 50 y of bromouracil per ml. 10 ml. of 18 hour 
cultures (37°) served as inocula for the enriched broth, which consisted of 
1190 ml. of Difco nutrient broth, 19.5 gm. of Difco proteose peptone No. 
3, 10 ml. of 0.2 per cent phenol red solution in 0.2 Nn NaOH to serve asa 
pH indicator, and the solid unnatural pyrimidine or nucleoside under study 
to obtain the following final concentrations: for 5-bromouracil and 5-chloro- 
uracil, 100 y per ml.; 2-thiothymine, 500 7 per ml.; uracil, 2 mg. per ml.; 
uracil riboside, 100 y per ml.; uracil deoxyriboside, 100 y per ml. After 
autoclaving, 110 ml. of sterile 50 per cent glucose solution were added. 

The enriched broth in a 3 liter culture flask (Corning No. F4515) was 
inoculated and incubated at 37° for 24 hours with constant aeration by 
rotation. After the turbidity became appreciable, the pH was maintained 
at 7.2 by dropwise addition of 5 Nn NaOH solution, as required, for at least 
5 hours. 

Experiments with Non-Dividing Cells—The cells (strain I) were grown 
for 7 hours at 37° on enriched medium with or without 5-bromouracil. In 
one experiment, the incubation was continued for another 17 hours; in 
another, the cells were harvested after 7 hours, washed with 1500 ml. of 
0.14 m NaCl solution, resuspended in 600 ml. of this solution which con- 
tained 100 y of 5-bromouracil per ml. with or without 2 per cent glucose, 
and incubated for another 17 hours at 37°. 

Growth inhibition was measured in synthetic medium (24 hours, 37°, 
non-aerated) in the presence of 1 y of thymine per ml. (2, 8). 

Total cell count was made in a Petroff-Hausser counting chamber (crys- 
tal violet stain). 

Viable cell count was made by streaking the cultures, in serial dilutions, 
on nutrient agar. 
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Isolation of Highly Polymerized DNA 


The cells were harvested by } hour centrifugation at 1900 * g and 
washed four times, each time with 1 volume of 0.14 mM NaCl solution. The 
packed cells (8 to 12 gm. of wet weight) were then resuspended in 10 ml. 
of water by means of a glass tissue homogenizer, and the suspension was 
transferred to 100 ml. of 15 per cent aqueous solution of Duponol C (EF. I. 
du Pont de Nemours and Company, Wilmington), which was adjusted to 
pH 6.4. After incubation at 23° for 5 hours, the cells were completely 
lysed (10)." 

To the very viscous solution, 2 volumes of ethanol were added, and the 
fiberlike precipitate was removed and washed in 75 per cent aqueous 
ethanol, well drained, and redissolved in a tissue homogenizer in 35 ml. of 
1.5 mM aqueous NaCl solution. The milky viscous solution was centrifuged 
for } hour at 31,000 X g, and the supernatant solution was treated with 
alcohol and the precipitate washed and redissolved as described above. 
This procedure was repeated three times more, except that 0.14 m NaCl 
solution was used for redissolving the fibrous precipitate. To the last 
clear viscous solution, one-fifteenth volume of washed (wet) Norit A (11) 
was added, the mixture was shaken for 1 hour in the cold, and then centri- 
fuged at 31,000 X g. The clear supernatant fluid was stored in the frozen 
state. The yield was 3 to 4 mg. of DNA per gm. of wet weight of bacteria. 

For further removal of ribonucleic acid (RNA) in the study of introduc- 
tion of uracil into DNA, a previously described (12) alkali digestion method 
was used. 


Analytical Procedures 


The DNA content of the final solution and the deoxyribose content of 
the nucleosides were estimated by a micromodification of the Dische di- 
phenylamine and indole reactions (13). These methods, especially that 
with indole, lend themselves to the estimation of not only purine-bound 
deoxyribose, but also of pyrimidine-bound deoxyribose, although the sensi- 
tivity, depending on the nature of the pyrimidine, is reduced approximately 
1.3 times (indole) to twenty times (diphenylamine). 

The DNA content was determined by a modification of the Schneider 
procedure (14, 15), and the total cell count was used as a basis for estimat- 
ing the amount of DNA per cell. 

The RNA content was estimated by a micromodification of the orcinol 
method (13), and by the determination of uracil, as described below. The 
RNA content of a typical final DNA solution was less than 1 per cent of 
DNA before and less than 0.1 per cent after alkali treatment. 


1A parallel experiment indicated that this treatment does not produce any in- 
activation of the transforming principle of Hemophilus influenzae (Zamenhof, S., 
Leidy, G., and Alexander, H. E., in preparation). 
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The protein content was estimated by a micromodification of the biuret 
reaction (13). ‘Phe protein content of a typical final DNA solution was 
less than 4 per cent of the DNA present. 

Mstimations of the nitrogenous bases were performed on aliquots con. 
taining Omg. of DNA. 2 volumes of ethanol were added and the precipi. 
tate was well drained and dried in a vacuum desiccator over CaCl. To 
the dried crushed precipitate, 0.05 ml. of 7.5 N HClOg was added and the 
mixture was hydrolyzed | hour at LOO? (16). O.1 ml. of water was then 
added, the mixture was centrifuged, and the brown supernatant fluid sub- 
jected to chromatography on Whatman No. 50 filter paper. If 5-bromo- 
uracil or 5-chlorouracil was present, a row of at least twenty-five 0.001 ml. 
spots was deposited on the starting line. n-Butanol saturated with water, 
or n-butanol saturated with 1 N HCl, where 5-chlorouracil and uracil were 
present, was used as solvent. After 24 hours, a band containing thymine 
together with 5-bromouracil or 5-chlorouracil clearly separated from the 
slower components. The band was cut out, extracted with two 6 ml. 
portions of water, evaporated to dryness, and redissolved in 0.05 ml. of 
0.5 N HCIO,; two to five consecutive 0.001 ml. portions were deposited 
and dried on Whatman No. 50 paper and chromatographed in n-butanol- 
NH; (17). After 24 hours, the 5-bromouracil or 5-chlorouracil spots clearly 
separated from the faster thymine. All spots were cut out, each was ex- 
tracted in 0.5 to 2 ml. of H2O, and the quantities of bases were determined 
from ultraviolet absorption measured in a Beckman spectrophotometer 
(microcells). The chromatography and ultraviolet absorption characteris- 
tics for 5-bromouracil were given in the previous paper (2). For 5-chlo- 
rouracil these characteristics were found to be Ry in butanol-l1 n HCl 
0.61 (Rr thymine 0.58), in butanol-H2.O 0.27, in butanol-NH; 0.13, ultra- 
violet absorption maxima in water 273 my, in 0.1 N NaOH 291 mu. 

In studying the introduction of 2-thiothymine and uracil, the second 
chromatographic step (butanol-NH3) was omitted because these pyrimi- 
dines separate clearly from thymine in 19 to 24 hours on chromatography 
in butanol-water or butanol-1 N HCl, respectively. R, 2-thiothymine (bu- 
tanol-H:O) 0.47, (Rr thymine 0.32); ultraviolet absorption maxima for 
2-thiothymine in water 276 mu, in 0.1 M NaOH 260 my; strong fluorescence 
on paper, when exposed to gaseous NH:3. 

The characterization of the nucleosides, obtained by the enzymatic diges- 
tion of DNA and the chromatographic identification of 5-bromouracil 
deoxyriboside, was described (2); the same techniques were used for 5-iodo- 
uracil deoxyriboside. In both cases, the second chromatographic step (bu- 
tanol-NH;) may be omitted because 5-bromouracil deoxyriboside and 5- 
iodouracil deoxyriboside separate clearly from the slower thymidine in 60 
hours. The R, values are as follows: in butanol-water, 5-iodouracil deoxy- 
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riboside 0.54, 5-bromouracil deoxyriboside 0.52, thymidine 0.45; in butanol- 
NH, 5todouracil deoxyriboside 0.17, 5-bromouracil deoxyriboside 0.11, 
thymidine 0.31, 5-Llodouracil deoxyriboside possessed a flat ultraviolet 
absorption maximum in water 288 my, and in 0.1 Mm NaOll 278 ma. 

Microbiological identification of 5-chlorouracil and 5-iodouracil deoxy- 
riboside was obtained, after chromatographic separation of DNA hydroly- 
sates, through the inhibition of growth of strain Tin 1t ml. cultures (2), as 
deseribed for 5-bromouracil. 


Results 


The term ‘amount of introduction into DNA” or “amount of thymine 
replacement”’ (2), expressed in mole per cent of thymine, denotes the frac- 
tion of the normal thymine content which is replaced by the unnatural 
pyrimidine under study. 

The amount of introduction of 5-bromouracil into DNA differs greatly 
with the strain used. This introduction is the highest (48 mole per cent) 
in strain I which needs the most thymine for growth (2, 8), but even the 
strain I/Br, which requires less thymine, introduces much more (32 mole 
per cent) than strain II (14 mole per cent) and strain B (4.4 mole per cent), 
neither of which requires thymine. When the strains are listed in the 
order of their decreasing growth inhibition by 5-bromouracil (2, 8), they 
also fall into the order of decreasing introduction of 5-bromouracil. How- 
ever, such correlation between inhibition and introduction does not follow 
for a strain grown under different conditions. When strain I was grown 
on non-enriched medium in which there is considerable growth inhibition 
by 100 y of 5-bromouracil per ml., the amount of introduction was only 
18 to 28 mole per cent (2). When it was grown on enriched medium with 
aeration, conditions under which there is little inhibition by 100 y of 5-bro- 
mouracil per ml., the amount of introduction was 48 mole per cent. When 
the amount of 5-bromouracil in the enriched medium was increased to 1 
mg. per ml., the strong inhibition resulted in a death of 99 per cent of the 
cells in 7 hours; yet no 5-bromouracil was found in the DNA. 

In the present study, 2-thiothymine used at a concentration of 500 + 
per ml. in enriched medium was not introduced? into the DNA of strain I 
(see also Dunn and Smith (18)); yet, in this concentration, 2-thiothymine 
is almost as inhibitory as 5-bromouracil (2). A similar situation was found 
for uracil. On the other hand, even strain B, which is not at all inhibited 
by 5-bromouracil, shows some introduction of this substance into DNA 
(4.4 mole per cent). Thus, in general, there is no strict correlation between 

? 53 per cent of 2-thiothymine was found to be destroyed during HCI1O, hydrolysis; 


however, if it were present in the DNA, the amounts used in this study were such as 
to permit detection of 0.5 mole per cent (with reference to thymine) of 2-thiothymine. 
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the growth inhibition by an unnatural base and the introduction of that 
base into DNA. 

In ‘Table I appear the amounts of introduction of various 5-halogenated 
uracils into the DNA of strain I. It will be seen that 5-bromouracil can 
be introduced to a greater extent than 5-chlorouracil, and the latter to a 
greater extent than 5-iodouracil; uracil cannot be introduced in demon- 
strable amounts. ‘The amounts of introduction correlate with the growth 
inhibition by these substances (Table 1). 

The two obvious factors which decide the fit of a nitrogenous base into 
DNA are the distribution of electrical charges and the size; other unknown 
factors may also intervene. — [It does not seem possible at present to decide 


TABLE I 
Introduction of Uracil with Various Substituents in & Position into DNA of Strain] 
Substituent H Cl Br CH, I 

Amount of introduction, in mole % <O.1f | 21 48 100 14 
thymine* 

Minimal amount to inhibit 200 7 5 1000 (No in- | 50 
growth,f y per ml. hibition) 

Van der Waals’ radii (Pauling 1.20, 1.80) 1.95 2.0 2.15 
(21)), A 


* The 5-Br, Cl-, and H-substituted compounds were estimated as the bases; the 
5-I was estimated as the nucleoside. Averages of six determinations. 

t Supplied as uracil, uracil riboside, or uracil deoxyriboside. 

t In basal broth containing 1 y of thymine per ml.; 24 hours, 37°. Uracil supplied 


as such. 


whether the preference of the organism for 5-bromouracil over 5-chloro- 
and 5-iodouracil is due to a charge distribution similar to that of 5-methyl- 
uracil; however, a certain correlation between the size and the degree of 
fit seems evident. ‘Table I presents the Van der Waals’ radii (21) of various 
substituents in the 5 position of uracil; it will be seen that the values for 
the methyl group indeed conform most closely to those of bromine. One 
of the points of criticism that can be raised against such an interpretation 
is that, according to suggested models of DNA (22), even iodine in the 5 
position does not produce steric hindrance or H bond disturbance. How- 
ever, the hindrance may even take place before the DNA molecules, or 
even DNA precursors such as nucleosides, are fully synthesized (2). 

It can be seen from Table I that too small a substituent (Cl) is also 


3 The similarity of the pK value of enolic hydroxyl is not likely to be a decisive 
factor since it is practically the same in thymine and uracil (19, 20), despite the great 
differences in amounts of these bases introducible into DNA. 
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disadvantageous, although not so much so as too large a one (I). Extra- 
polation to the smallest substituent (H; 7.e. uracil itself) would suggest that 
this pyrimidine will not be introduced in detectable amounts, and this is 
confirmed by the experimental data (Table I). 

To determine this, three separate experiments were performed; in one 
the uracil was supplied as the base itself, in another as uracil riboside, and 
in a third as uracil deoxyriboside. Although uracil and uracil deoxyri- 
boside, at a concentration of 100 y per ml., do not inhibit growth of strain 
I, uracil riboside does inhibit at a concentration of 1 y per ml. This in- 
hibition is typically competitive with thymine. 


TABLE II 
Introduction of 5-Bromouracil into DNA of Dividing and Non-Dividing Cells 


Conditions* 


ist incubation, 7 hrs..................... A 
2nd 1 


A A B 


B B 
B Cc D 


Total cell No., at end of period, | 2.55 | 3.62 2.6) 2.57 | 2.52) 2.5) 3.14 
x 10°° 


Viability, % 98 87 20 88 61 21 0.7 
DNA per cell,t y X 108 0.9 0.73 0.95 | 0.8 
5-Bromouracil, mole % thymine 0 0 0 8.0 | 48.0 | 11.5) 8.6 


Column A, enriched broth without 5-bromouracil; Column B, enriched broth with 
100 y of 5-bromouracil per ml.; Column C, 0.14 m NaCl with 100 y of 5-bromouracil 
per ml.; Column D, Solution C enriched with 2 per cent glucose. 

* See the text. 

t Based on the total cell count. 


Adenine riboside at 10 y per ml. and cytosine riboside at 5 y per ml., but 
not guanine riboside at 200 y per ml., also inhibit the growth of strain I, 
whereas the corresponding free bases at 500 y per ml. and their deoxyri- 
bosides at 100 y per ml. do not. None of these compounds can, of course, 
replace thymine in supporting growth. 

Introduction into DNA of Non-Dividing Cells—Weygand et al. (4) re- 
ported that the “resting” cells of Streptoccocus faecalis took up radioactive 
5-bromouracil, and that this uptake was decreased by the presence of 
thymine; conversely, resting cells containing 5-bromouracil released this 
pyrimidine, but only in the presence of thymine. These findings prove 
the exchange of 5-bromouracil between the environment and the cell as a 
whole, but not necessarily between the cell and its DNA. The absence of 
purine and pyrimidine exchange or “‘turnover” in the DNA of non-dividing 
cells has been reported in mammals (23-25) and in bacteria (26). 

In order to obtain more information on these subjects, the cells of strain 
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I were incubated in the presence of 5-bromouracil under various conditions 
such that there was little or no increase in the total cell number. The 
results are presented in Table II. The cells grown for 7 hours in an en- 
riched medium, without (Column A) or with (Column B) 5-bromouracil, 
did not introduce significantly more 5-bromouracil into their DNA after 
washing and subsequent incubation for 17 hours at 37° in 0.85 per cent 
NaCl solution containing 100 y of 5-bromouracil per ml. (Columns A-C, 
B-C, B-D). On the other hand, when the incubation of 7 hour-old cells 
was continued in the enriched medium with 5-bromouracil (Column B-B), 
the 5-bromouracil content in DNA increased from 8 to 48 m per cent, al- 
though the total number of cells did not change. This finding favors the 
hypothesis that thymine and 5-bromouracil can exchange with each other 
in the DNA of non-dividing cells. Admittedly, the constant total number 
of cells does not. preclude some cell division compensated by an equal cell 
lysis; however, the extent of cell division and lysis required to account for 
the increase in introduction from 8 to 48 per cent would be very high, 
Such a degree of lysis is unlikely to occur in view of the good viability under 
these conditions, and no apparent lysis under conditions in Columns A-C 
and B-C. However, more evidence is needed before such a view can be 
fully accepted. 

It could perhaps be argued that in the case of Column B-B the 5-bro- 
mouracil is introduced, not into existing DNA, but into newly formed 
“excessive” DNA. The results presented in Table II indicate clearly that 
this is not true; the amount of DNA per cell is practically the same (for 
the cells of the same age), whether this DNA contains 0, 8, or 48 per cent 
of 5-bromouracil. 


SUMMARY 


A previous study of the introduction of unnatural pyrimidines into DNA 
of Escherichia coli has been extended. 5-Chlorouracil, 5-bromouracil, and 
5-iodouracil, but not 2-thiothymine or uracil, can partially replace thymine 
in DNA. The correlation between the amount of replacement and the 
similarity of the size of the halogen substituent to the size of the methyl 
group has been established. The introduction of 5-bromouracil into the 
DNA of non-dividing cells has been demonstrated. 
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UTILIZATION OF PHENYLALANINE, PHENYLLACTIC ACID, 
AND PHENYLPYRUVIC ACID BY LACTOBACILLUS 
CASEI* 


By SAMUEL EIDUSONt anp MAX S. DUNN 


(From the Chemical Laboratory, University of California, Los Angeles, California) 


(Received for publication, August 18, 1955) 


In previous reports (1, 3) the authors have shown that Lactobacillus 
casei (ATCC 7469) responds equally well to phenylalanine, phenyllactic 
acid, or phenylpyruvic acid. It was demonstrated also that B-2-thienyl- 
alanine inhibited the utilization of phenylalanine but not of phenyllactic 
acid. Since the latter observation was not in harmony with the view that 
phenyllactic acid is a precursor of phenylalanine, this problem was in- 
vestigated further, with the results described in the present paper. 


EXPERIMENTAL 


The media and the assay procedure were those described previously 
(1,3). Inhibitors were introduced into the basal medium as solids or as 
aqueous solutions. 


Results 


m- and p-Fluorophenyl-pi-alanines'—The response of L. casei to these 
inhibitors is given in Table I. The utilization of L-phenylalanine was 
inhibited completely by p-fluorophenylalanine at a weight ratio of 3:1 of 
inhibitor to metabolite and by m-fluorophenylalanine at a ratio of 10:1. 
The utilization of phenyl-pL-lactic acid was inhibited about 10 per cent by 
p-fluorophenylalanine at a concentration of 100 y of inhibitor per tube over 
a range of 1 to 28 y of the hydroxy acid. Inhibition by m-fluoropheny]- 
alanine was negligible. The utilization of phenylpyruvic acid was inhib- 
ited only slightly by p-fluorophenylalanine and not at all by the meta com- 
pound. 

pi-Mandelic Acid*—The response of L. casei to mandelic acid is presented 


* Paper 109. For the preceding related paper (Paper 79), see Eiduson and Dunn 
(1). This work was aided by grants from Swift and Company, the National Insti- 
tutes of Health, United States Public Health Service, and the University of Cali- 
fornia. The material in this paper was taken in part from a thesis by Samuel Eidu- 
son submitted in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy, September, 1952. A preliminary paper was presented before the 6th 
International Congress of Microbiology, Rome, Italy, September 1-8, 1953 (2). 

t Present address, Veterans Administration Center, West Los Angeles, California. 

1 Kindly furnished by Dr. M. D. Armstrong, University of Utah. 

?Kastman Kodak Company product. 
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in Table II. There was no interference with the utilization of L-phenyl- 
alanine, even at a 4000:1 ratio of inhibitor to metabolite. On the other 
hand, utilization of phenyl-p1L-lactic acid was completely inhibited at a 
ratio of 2000:1, while that of phenylpyruvic acid was inhibited about 20 
per cent at a ratio of 4000:1. 

B-erythro-Phenyl-pL-serine>—The response to this inhibitor is shown in 


TABLE I 


Effect of m- and p-Fluorophenyl-pu-alanines on Utilization of t-Phenylalanine, 
Phenyl-pu-lactic Acid, and Phenylpyruvic Acid by L. casei 


Lt-Phenylalanine Phenyl-pt-lactic acid Phenylpyruvic acid 
Metabolites 
per tube* 
Controlt At Bt A B A B 
0 1.50§ 1.50§ 1.70§ 1.49 1.62 1.50 1.62 
2 3.18 1.50 2.25 1.89 3.30 
4 4.80 1.50 2.39 2.80 4.60 6.79 
6 6.00 1.50 2.45 3.90 6.36 4.28 8.40 
8 7.00 1.50 2.45 5.20 8.09 5.19 9.96 
10 7.98 1.50 2.65 6.29 9.50 5.70 10.6 
12 8.90 1.50 3.59 10.2 6.90 12.3 
14 9.50 1.53 4.10 8.39 10.7 7.40 12.5 
16 10.0 1.51 4.60 9.10 11.6 8.20 12.2 
18 10.9 1.60 5.00 9.10 | 11.3 8.91 
20 11.6 1.61 5.50 10.5 12.3 9.73 13.2 
22 11.7 1.70 5.60 10.5 12.4 9.99 13.2 
24 12.2 1.79 5.60 11.2 12.1 10.2 
26 12.7 1.70 5.50 11.2 12.1 13.8 
28 13.1 5.98 12.5 11.1 14.0 


A, p-fluorophenyl-pL-alanine; B, m-fluorophenyl-pL-alanine. 


* Micrograms per tube. 
t Control values for the other metabolites were essentially the same and are 


omitted in order to conserve space. 
t 100 y per tube. 
§ MI. of 0.09 N NaOH. 


Table III. The utilization of L-phenylalanine was completely inhibited 
at a ratio of 50:1, while that of phenyl-pL-lactic acid and phenylpyruvic 
acid was inhibited approximately 10 per cent at a ratio of 50:1 and ap- 
proximately 35 per cent at a ratio of 370:1. 

m-Hydroryphenylpyruvic Acid’—The response to this inhibitor is shown 
in Table IV. The utilization of L-phenylalanine (5:1), phenyl-p1-lactic 
acid (50:1), and phenylpyruvic acid (125:1) was inhibited completely at 
the approximate ratios of inhibitor to metabolite given in parentheses. 


3 Kindly furnished by Dr. R. I. Akawie, Veterans Administration Center, West 
Los Angeles, California. 
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Effect of pu-Mandelic Acid on Utilization of u-Phenylalanine, Phenyl-pu-lactic Acid, 


TABLE II 


and Phenylpyruvic Acid by L. casei 


17 


Inhibitor-metabolite ratio Control* L-Phenylalanine | Pheny P 
0 1.50T 1.50T 1.50f 1.50f 
500:20f (25:1) 11.4 11.9 11.5 12.0 
500:15 (33:1) 10.2 10.7 10.3 11.4 
500:10 (50:1) 8.2 8.6 8.0 9.5 
500:5 (100:1) 5.5 5.9 5.2 6.45 
5000:20 (250:1) 11.4 11.4 8.0 11.1 
10000:20 (500:1) 11.4 11.0 3.60 10.0 
10000:15 (666:1) 10.2 9.9 3.30 9.2 
10000:10 (1000:1) 8.2 7.9 2.45 7.39 
10000:5 (2000:1) 5.5 5.2 1.80 5.10 
20000:5 (4000:1) 5.5 4.8 1.69 4.59 


* Since the control values for metabolites were essentially the same, only one set 


is given in order to conserve space. 


t M1. of 0.09 N NaOH. 
t Micrograms per tube. 


TaBLeE III 


Effect of B-erythro-Phenyl-pvi-serine on Utilization of u-Phenylalanine, 


Phenyl-pvu-lactic Acid, and Phenylpyruvic Acid by L. casei 


Inhibitor-metabolite ratio 


Control* 


L-Phenylalanine 


aci 


Phenylpyruvic 
acid 


0 

80:20 (4:1) 
80:15 (5.3:1) 
80:10 (8:1) 
80:5 (16:1) 
400:20 (20:1) 
800:20 (40:1) 
800:15 (53.3:1) 
800:10 (80:1) 
800:5 (160:1) 
1600:5 (320:1) 


1. 50f 
11.4 
10.2 


* Since the control values were essentially the same, only one set is given in order 
to conserve space. 
Tt MI. of 0.09 n NaOH. 


t Micrograms per tube. 


4-Chlorophenyl-pu-lactic Acid*—Utilization of the three metabolites was 
inhibited only slightly (the data are omitted to conserve space). 


‘ Krishell Laboratories product. 


i 
nyl- 
t 20 
nin | 
1e, | 
cid 
52 | 
| j 
10 | 
6 
| 
| | | | 1.55 | 1.55t 
| | 10.4 | 10.5 | = 11.4 
| 8.0 | 8.0 0.4 
= | 5.49 | 5.40 5.00 6.00 
| | 41.4 | 5.00 11.5 11.0 
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TaBLe IV 
Effect of m-Hydrozryphenylpyruvic Acid on Utilization of L-Phenylalanine, 
Phenyl-pu-lactic Acid, and Phenylpyruvic Acid by L. casei 


Inhibitor-metabolite ratio Control* L-Phenylalanine | Phenyl-pt-lactic |  Phenylpyruvic 
150:40t (3.75:1) 2.30t 12.5t 11.7t 
150:30 (5:1) 11.4f 1.99 11.2 11.2 
150:20 (7.5:1) 10.2 1.35 9.0 10.1 
150:10 (15:1) 8.6 1.20 5.8 9.1 
500:10 (50:1) 1.99 2.65 6.6 
500:8 (63:1) 6.8 1.88 2.00 5.2 
500:6 (83:1) 5.8 1.88 1.95 3.58 
500:4 (125:1) 4.75 1.88 1.85 2.20 
500:2 (250:1) 3.50 1.88 1.80 1.80 
rf) 1 1.85 1.85 1.85 


* Since the control values for metabolites were essentially the same, only one set 
is given in order to conserve space. 

t Micrograms per tube. 

t MI. of 0.09 n NaOH. 


DISCUSSION 


It has been generally accepted that phenyllactic acid is converted to 
phenylalanine through the intermediate phenylpyruvic acid, since the 
hydroxy and keto analogues of many of the amino acids may be substituted 
for the amino acids in the diet of animals and the basal media of micro- 
organisms. ‘The sequence, a-hydroxy acid dehydrogenase — a-keto acid 


transaminase amino acid, has been proposed by Holden and coworkers 


(4, 5) based on their observation that phenylalanine was utilized by lactic 
acid bacteria in the presence or absence of vitamin Bes, whereas the coen- 
zyme (pyridoxal phosphate) was required for the utilization of phenyllactic 
or phenylpyruvic acid. The same sequence was postulated by Hubbard 
and Schmidt (6), who showed that mandelic acid inhibited the utilization 
of phenyllactic acid but not of phenylalanine. 

While this sequence may be normal for the organism, it appears from 
the present study that there may be an alternative mechanism. It would 
be expected, otherwise, that utilization of the postulated precursors of 
phenylalanine, as well as the amino acid, would be inhibited similarly by a 
given antagonist, but it is evident from the data in Tables I to IV that the 
observed antagonistic effects were markedly different in respect. to phenyl- 
alanine compared to phenyllactic or phenylpyruvie acid. 

It appears possible, but seems unlikely, that these results may be ex- 
plained by a differential action of inhibitors on the diffusion of these me- 
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tabolites into the cell. It is of interest that Rabinovitz et al. (7) found a 
marked accumulation of free, radioactive phenylalanine in cells of the 
Ehrlich ascites carcinoma, even though the mixture was incubated in the 
presence of o-fluorophenylalanine, a compound which inhibits completely 
the utilization of phenylalanine. 

It is proposed, therefore, that phenylalanine and its two analogues may 
be incorporated into proteins through ‘‘activated”’ intermediates (Scheme 
1, A) such as phosphorylated derivatives or enzyme complexes or both (8). 
On this basis phenylalanine inhibitors (e.g. p- and m-fluorophenylalanines, 
§-2-thienylalanine, and 8-erythro-phenylserine) would inhibit the conver- 
sion of phenylalanine, but not that of the keto and hydroxy acids, to “‘ac- 
tivated” phenylalanine. That phenylpyruvic acid may be as active as 
phenylalanine in overcoming the inhibition of Lactobacillus arabinosus by 
§-2-thienylalanine has been reported by Kihara and Snell (9). 


Phenyllactic acid (A) — phenylpyruvic acid (A) — phenylalanine (A) — protein 


| 


Phenyllactic acid ——— phenylpyruvic acid ———> phenylalanine 


ScHEME 1. Proposed pathways for synthesis of protein from “activated” and 
non-activated phenylalanine, phenylpyruviec acid, and phenyllactic acid. 


SUMMARY 


Studies have been made on the utilization of phenylalanine, phenyllactic 
acid, and phenylpyruvie acid by Lactobacillus casei in the presence and 
absence of six potential inhibitors. There was a negligible inhibition of 
phenylalanine by mandelic acid, of phenyllactic acid by m-fluorophenyl- 
alanine, of phenylpyruvic acid by p- or m-fluorophenylalanine, and of the 
three metabolites by 4-chlorophenyllactic acid. There was nearly com- 
plete inhibition of phenylalanine by the m- and p-fluorophenylalanines, 
m-hydroxyphenylpyruvic acid, and B-erythro-phenylserine, of phenyllactic 
acid by mandelic and m-hydroxyphenylpyruvic acids, and of phenylpyru- 
vie acid by m-hydroxyphenylpyruvic acid. 

These results were interpreted to signify that the formation of phos- 
phorylated or other types of “activated” derivatives of phenylalanine and 
its two analogues is an optional, and possibly the normal, mechanism by 
which these metabolites are incorporated into proteins. 
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THE METABOLISM OF METHYLPURINES BY 
ESCHERICHIA COLI* 


I. TRACER STUDIES 


By ARTHUR L. KOCH 


(From the Division of Biological and Medical Research, Argonne National Laboratory, 
Lemont, and the Department of Biochemistry, University of Chicago, 
Chicago, Illinois) 


(Received for publication, June 6, 1955) 


Of the various mutagenic agents that have been reported, the mechanism 
of action of the methylxanthines appeared most amenable to study. Caf- 
feine (1 ,3,7-trimethylxanthine), theobromine (3 ,7-dimethylxanthine), and 
theophylline (1,3-dimethylxanthine) may be assumed to act as mutagens 
by virtue of their similarity to the normal purine constituents of nucleic 
acids. Because of the body of data reported by Novick and Szilard (1, 2) 
regarding the mutagenic activity of these and other nucleic acid analogues 
towards cultures of E'scherichia coli, we have undertaken to investigate the 
metabolic properties of these compounds under conditions similar to those 
found in their experiments. 

This paper is concerned with the results of studies on the incorporation 
of labeled purine derivatives by growing cultures of EF. coli.1. In Paper II 
(3) the action of various purine and pyrimidine derivatives upon enzymes 
of nucleic acid metabolism in extracts of the organism is presented. 


EXPERIMENTAL 
Synthesis of Labeled Compounds 
Theobromine and Caffeine 


Fischer (4) reported the synthesis of theobromine by the alkylation of 
the dry lead salt of xanthine with methyl iodide. With small scale syn- 
theses (100 umoles of xanthine), this method did not yield satisfactory 
amounts of theobromine; the reaction product contained small amounts of 
other methylated derivatives. However, it was found possible to obtain 
satisfactory yields of caffeine and theobromine by the wet methylation 
procedures of Bredereck et al. (5) by use of dimethyl sulfate at alkaline pH. 
100 umoles of xanthine-8-C"™ were treated by this method, and the reaction 
mixture was resolved on a large sheet of Whatman No. 3 filter paper by 


* Work performed under the auspices of the United States Atomic Energy Com- 
mission. 

' A preliminary report of this work was presented before the Society of American 
Bacteriologists at San Francisco, August, 1953. 
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using the isopropanol-HCl solvent of Wyatt (6). In this solvent system 
caffeine has an R, of 0.78, theobromine 0.53, and xanthine 0.25. Thus 
the two reaction products and unreacted xanthine are readily separated. 
The purity of the products was ascertained by chromatography in another 
solvent system and by comparing the ultraviolet spectrum of the synthetic 
compound with that of the natural product at neutral, acid, and alkaline 
pH. The specific activity of the products was 2 X 10‘ c.p.s. per umole. 


A sample of caffeine synthesized by this procedure was shown to possess [| 


mutagenic activity towards E. coli.2, This eliminates the possibility that 
the mutagenic action of the natural product is due to the presence of a 
small but highly mutagenic impurity. 


Methylguanines 


Fischer (4) noted that guanine could be methylated with methyl] iodide 
in alkaline solutions, whereas xanthine could not. In preliminary studies 
we found that the reaction product contained a number of methylguanines 
and, since we were interested in testing a number of methylated purines, 
we have developed the following procedure. 100 umoles of guanine-8-C" 
in 2 N NaOH were treated for 1 hour at 100° with 400 uwmoles of methyl 
iodide. The reaction product was adsorbed on a Dowex 50 column and 
eluted as indicated in Fig. 1. The fractions were pooled as indicated, then 
evaporated, and each was chromatographed with the isopropanol-HCl sys- 
tem on Whatman No. 3 filter paper, yielding a number of subfractions. 
With the exception of the initial ultraviolet-absorbing peak (which was 
identified as iodide), eleven distinct fractions containing radioactivity were 
found in various amounts. As noted below, only one of the fractions tested 
was utilized, to an appreciable extent, for nucleic acid synthesis (Fraction 
IIA). On the basis of its Rr value and ultraviolet spectrum this compound 
was identified as unreacted guanine. The identification was strengthened 
by the finding that, after deamination, the compound had a spectrum 
identical with that of xanthine. Thus it appears that ten of the possible 
eleven methylguanines are formed by this reaction in detectable amounts. 
The specific activity of the various methylguanines was 2.3 X 10° c.p.s. 
per umole. The complex mixture of methylguanines is not a potent muta- 
gen.® 

? We wish to thank Mr. H. E. Bendigkeit and Dr. H. E. Kubitschek for testing 
this preparation. Because the amount of material obtainable by the paper chro- 
matographic technique is small, the chemostat was run at a concentration of only 
15 mg. per liter of caffeine. This would be expected to give a small but detectable 
increase in mutation rate (1). The actual mutation rate (to T; resistance) observed 
was 2.2 X 10-* mutant per bacterium per hour, which exceeds the spontaneous muta- 
tion rate of 1.4 X 10°* mutant per bacterium per hour by 5 or 6 times the standard 
deviation of the spontaneous mutation rate observed by these workers. 

* The white crystalline reaction product from the methylation of non-radioactive 
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Theophylline 

Wyatt (6) noted that xanthine and guanine had the same FR, in the 
isopropanol-HCl solvent system; he also found that hypoxanthine and 
adenine had the same Ry. We therefore suspected that the guanine ana- 
logue of theophylline would have the same Ry (0.59) as theophylline. 
Fraction IIIB had this Ry. The compound was therefore deaminated and 
the product was isolated by chromatography on Dowex 50 resin. The 
spectrum of the deaminated compound, at various pH values, corresponded 


10 
.SN HCL 


TUBE NUMBER 


Fic. 1. Elution pattern of methylguanines. Column Dowex 50, 20 cm. high and 
13 mm. in diameter. Each tube contains 50 ml. Flow rate, 1.5 ml. per minute. 
The tubes are grouped as indicated. The distribution of compounds within Frac- 
tions II to IV is indicated in Table II. 


to that of theophylline, and in a number of solvent systems the Ry values 
of the two were identical. The specific activity of the theophylline was 
2.3 X 10° c.p.s. per umole. 


Growth Experiments 


All growth experiments were performed by the procedures previously 
described (7) with synthetic lactate medium. Four substrains of E. coli, 
strain B, were used: strain B/1,5, a one-step mutant of strain B, and three 


guanine was submitted to Dr. A. Novick. The mutation rate observed with 200 mg. 
per liter of this product was 1.77 X 10°* mutant per bacterium per hour. This figure 
is to be compared with the spontaneous mutation rate (1.4 X 10-§ mutant per bac- 
terium per hour) and that produced by a comparable concentration of caffeine 
(19.0 X 10°* mutant per bacterium per hour) (1). 
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strains of strain B/1,t,1,5, a two-step mutant of strain B. The latter 
were produced in a chemostat, under the mutagenic action of caffeine, from 
strain B/1,t, a one-step mutant of strain B requiring tryptophan for 
growth. The caffeine was added at a concentration (500 mg. per liter) 
so that, by estimating from the data of Novick and Szilard (1), only one 
out of twenty such mutants isolated could be considered to be produced 
spontaneously. The chance that at least one strain of the three had been 
produced by the action of caffeine is 1 — (1/20) = 0.9999. 

The organism was inoculated into synthetic medium containing the ra- 
dioactive methylpurine and the culture was aerated at 37°. The experi- 
ment was stopped before the bacteria had reached a titer of 10° per ml. 
The bacteria were sedimented and then washed three times with saline in 


TABLE I 
Incorporation of Methylzanthines by Growing Cultures of E. coli 
The synthetic medium containing 10 wmoles per liter of labeled methylxanthine 


was inoculated with a loop of strain B/1,5 and aerated at 37° overnight. Final 
titer = 5 — 10 X 108 bacteria per ml. 
Fraction of methylxanthine-C™ found in 
Ribonucleic acid > 
5 X 10-5 5 X 10°5 5 X 10-5 
3 X 10-5 7 X 10-5 5 X 
bes 6 X 10-4 6 X 10°5 4x 


the cold. In some cases, the radioactivity was determined by plating and 
counting whole bacteria; in others, the bacteria were partitioned by the 
procedures described previously (7), and the various fractions were trans- 
ferred to aluminum planchets and counted in a proportional gas flow 


counter. 


Results 


From Table I it can be seen that only a very small fraction of the total 
radioactivity is associated with the various fractions of the bacteria grown 
in media containing the radioactive alkaloids. Any of the normal purines 
(adenine, guanine, hypoxanthine, or xanthine) would have been completely 
or almost completely taken up by the bacteria under the conditions of these 
experiments. Thus the presence of an N-methyl] substituent drastically 
reduces the degree of incorporation. In Table II it is seen that none of 
the methylated guanine compounds is appreciably incorporated. 

It therefore appears likely that E. coli is incapable of removing N-sub- 
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stituted methyl groups from the purine ring. In fact, the organism is not 
capable of catabolizing the methylpurines at all. All the theobromine-C" 
in the growth medium can be recovered by chloroform extraction. The 
extracted material gave a single spot on paper chromatograms developed 
in normal butanol saturated with water, and the Rr was the same as that 
of the original theobromine. ‘Thus there is no oxidation or degradation of 


TABLE II 
Incorporation of Methylated Guanine Derivatives by Growing Cultures of E. coli 
The synthetic medium containing either 100 wmoles per liter of one of the three 
fractions or 10 wmoles per liter of a subfraction was inoculated with strain B/1,5 
and aerated at 37° overnight. Final titer = 5 — 10 X 10% bacteria per ml. After 
washing the bacteria were transferred to planchets and counted directly. 


Fraction of methylguanine activity incorporated 
into bacteria 
Fraction No.* Composition of fractions 
Fraction Subfraction 
per cent 

II 0.08 
IIA 13 0.50 
IIB 46 4X 10 
1IC 40 4X 10-4 
IID 1 

III 0.001 
IIIA 25 
IIIB 75 

lV 0.0005 
IVA 89 
IVB 0.5 
IVC 10 


* The fractions of the methylated guanine mixture were cut as indicated in Fig. 
1. The subfractions were separated by paper chromatography, and the distribu- 
tion within the fraction was determined by counting the paper chromatograms. 


the purine ring. In this respect the methylpurines are similar to the 
normal purines in that the latter are not degraded to smaller molecules (7). 

The only evidence of modification of these compounds is the higher ra- 
dioactivity associated with the acid-soluble fraction of the bacteria grown 
in the presence of theophylline (Table I) compared to the other two cases. 
This compound is different from the other two plant alkaloids in that it 
does not contain a substituent in the imidazole ring and therefore is poten- 
tially capable of forming an N-glycosidic linkage at the 9 position. The 
radioactivity of the acid-soluble fraction migrated in a solvent of butanol- 
ammonia, but failed to migrate if borate was added. This is presumptive 
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evidence (8) for the formation of either the riboside or the 5’-ribotide of 
theophylline. 

Although the parent strain is incapable of demethylating N-methyl- 
substituted purines, it was remotely possible that the mutant strains pro- 
duced by these agents might be capable of so doing. However, the data 
of Table III indicate that the mutants are like the parent type in this 
respect and cannot incorporate theobromine. 


TaBLeE III 
Incorporation of Theobromine by Mutants Produced in Response to Caffeine 
The medium containing 500 mg. per liter of caffeine was inoculated with strain 
B/1,t in a chemostat and three mutants resistant to virus Ts were isolated. After 
transferring the culture several times, the three strains were inoculated into flasks 
with medium containing 10 wmoles per liter of theobromine and 300 y per ml. of 
tryptophan. 


Fraction of incorporated 
A 3x 10°5 
B 5 xX 10°45 
C 5 xX 
DISCUSSION 


The degree of incorporation of N-methylpurines is much smaller than 
has been found for the normal purines (7). Adenine, guanine, hypoxan- 
thine, and xanthine, when present in the growth medium, are utilized ex- 
tensively for nucleic acid synthesis. They are utilized even when present 
in very small concentrations. Adenine, for instance, is almost completely 
removed by the bacteria from a medium in which its concentration is only 
10% umole per liter. It therefore appears likely that, even if a minute 
amount of demethylation had occurred, radioactivity would have been 
detected in appreciable amounts in the nucleic acids of the bacteria. In 
fact, the lack of significant labeling in the nucleic acid fraction should be a 
much more sensitive criterion of absence of demethylation than is the 
recovery of the radioactive material unchanged from the growth medium. 

The radioactivity associated with the nucleic acid fractions corresponds 
to approximately 500 molecules per bacterium. This small amount of ma- 
terial could easily be attributable to radioactive impurities or to inade- 
quacies of the washing procedures; it would appear improbable that there 
is even a single molecule of an enzyme capable of demethylating these 
compounds. For if only a single molecule of such an enzyme were present 
in each bacteria and this enzyme had a turnover number of only 20 per 
minute, 1200 molecules of radioactive purine would be incorporated into 
each bacterium at the end of the 1 hour doubling time of the bacteria. 
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From the inability of the organism to remove methyl groups, it follows 
that the organism is incapable of forming the conventional N-glycoside at 
position 9 with those compounds that contain a methyl group on the imid- 
azole portion of the ring, and consequently theobromine and caffeine can- 
not be incorporated into the nucleic acids of the bacteria by the conven- 
tional covalent bonds. 

However, caffeine, theobromine, and theophylline are mutagens. At a 
level of 150 mg. per liter, the spontaneous mutation rate to T; resistance 
is increased from 1.55 mutants per 10° bacteria per hour to 19.0, 7.5, and 
10.8, respectively. It is tempting to assume that these agents enter the 
cell and interfere with nucleic acid biosynthesis without, themselves, being 
metabolized further. This suggests the possibility that these agents act 
as inhibitors of the intermediary metabolism at a stage of metabolism in- 
volving the normal free purine bases. As will be seen in the accompany- 
ing paper, this is indeed the case. 

A variety of purine and pyrimidine analogues have been shown to be 
incorporated by a variety of organisms. Azaguanine is incorporated by 
mice (9, 10), by Tetrahymena pyriformis (geleii) (11), and by tobacco mosaic 
virus (12). 6-Mercaptopurine is incorporated by mice (13) and 5-bromo- 
uracil (14) and 2-thiouracil (15) by bacteria. Of special significance is the 
finding of Dunn and Smith (16) and Zamenhof and Griboff (17) that 
5-bromouracil and 5-iodouracil can replace nearly all the thymine of the 
deoxyribonucleic acid of FE. coli and the discovery of the former group that 
these substances can replace the thymine of the bacteriophages T., and 
T;, although with considerable loss in viability. The case of the methyl- 
purine derivatives is unlike that of these other analogues in that they are 
not incorporated and this may account for their relatively low toxicity. 


SUMMARY 


Although some methyl-substituted xanthines are mutagenic agents to- 
wards Escherichia coli, they are not incorporated to any appreciable extent 
into the nucleic acids of the bacteria. 
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The plant alkaloids caffeine, theobromine, and theophylline have been 
shown to be mutagenic agents (1-3). In Paper I (4) it was shown that 
the C-labeled caffeine, theobromine, and theophylline are incorporated 
at an extremely small rate into the nucleic acid fractions of growing Esch- 
erichia coli. Since the values for incorporation were so small, it was con- 
cluded that no enzymic pathway exists in the bacteria for the demethyla- 
tion of methylpurines. Since caffeine and theobromine possess methy] 
substituents in the imidazole ring, it follows that N-glycoside bonds cannot 
be formed. It was concluded that the mutagen acted without entering 
into stable covalent linkage with the cell constituents, and it seemed likely 
that the action might be due to inhibition of the intermediary metabolism 
of the cellular nucleic acids. 

It appeared, therefore, of interest to study the effects of these substances 
on the known enzymes of nucleoside metabolism in this organism. 


EXPERIMENTAL 
Preparation of Cell-Free Extracts 


E. coli, strain B/1,5, was grown on synthetic lactate medium with vig- 
orous aeration at 37° (5,6). The cells were harvested, washed, and ground 
with alumina as described by Manson and Lampen (7). The paste was 
extracted with 5 volumes of 0.01 m phosphate buffer, pH 7.5, in the first 
two enzyme preparations and with 0.01 m tris(hydroxymethy])aminometh- 
ane buffer (pH 7.5) in the remainder. After centrifuging, the opalescent 
solution was stored in the deep freeze. There was no loss of activity for 
as long as 6 months. The supernatant solution of Enzyme Preparation 6, 
after low speed centrifugation, was sedimented at 25,000 X g in the Serv- 
all centrifuge for } hour. The clear supernatant solution is designated 
Enzyme Preparation 6-1, the precipitate, Enzyme Preparation 6-2. The 
alumina and débris were reextracted, this time with phosphate buffer. 


* Work performed under the auspices of the United States Atomic Energy Com- 
mission. 
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The supernatant solution after reextraction is designated Enzyme Prep. 
aration 6-3. 

The bacteria used for Enzyme Preparation 4 were grown in the presence 
of adenine. Under these conditions (145 wmoles per liter) de novo syn- 
thesis of purine ceases (5). 


Enzyme Assays 


The purine riboside phosphorylases were measured by arsenolysis of _ 


adenosine or inosine in systems of 0.5 to 1.5 ml. volume at 37° for 1 hour, 
In some cases succinate was added to act as additional buffer. The condi- 
tions of individual experiments are described in the legends of Figs. 1 to 
8. 50 wl. aliquots were placed on Whatman No. 3 filter paper and chromat- 
ographed in butanol saturated with water-saturated boric acid (8). The 
borate forms a complex with both the unreacted nucleoside and the ribose, 
which do not migrate. The spots containing free base were eluted in 5.0 
ml. of 0.1 N HCl, and the amount present was determined by ultraviolet 
absorption measurements. 

Purine deoxyriboside phosphorylase was also determined by the arsen- 
olysis reaction. ‘The colorimetric method of Nelson (9) to observe the ap- 
pearance of free ribose was employed, except that a 30 minute heating 
period with the copper reagent was used. It was found that a number of 
compounds affect the color yield. Not only do deoxyribosides markedly 
decrease the color yield, as noted by Lampen (10), but also guanine and 
theophylline increase the amount of chromophore produced. Other com- 
pounds tested affect the color yield to a lesser degree. Therefore, zero 
time controls were run for all samples. 

A number of other enzyme activities were measured. Adenosine and 
cytosine deaminase were measured by changes in spectra at the appropriate 
wave-lengths (11) and also by paper chromatography. Uridine phos- 
phorylase was measured in a manner similar to that used for the purine 
riboside phosphorylase. Thymidine phosphorylase was measured by the 
increase in absorption in alkaline solution at 300 my (12). 


Materials 
All chemicals were obtained from commercial sources and used without 
further purification. 
Results 
Purine Riboside Phosphorylases 


All extracts tested contain enzymes catalyzing the arsenolysis of purine 
ribosides. Figs. 1, 2, and 3 show the pH-activity curves for different 
preparations. In Fig. 1 it is seen that this preparation is characterized 
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by a maximum at pH 5 and a plateau at alkaline pH. A similar pattern 
is shown by the preparation in Fig. 2. In Fig. 3, the enzyme prepared 
from cells grown in the presence of adenine had a minimum at neutral 
pH. Although Fig. 1 was obtained with adenosine as the substrate, it 
was found in other experiments that adenosine and inosine are split at 
approximately the same rate. ‘The various enzyme preparations were pre- 


T T T T 
0.300} 4 
Control 
; 
Control 
NY) 
z +Coaffeine 
5 0.100 + 
4 65 6 7 6 FS W 
pH pH 
Fia. 1 Fig. 2 


Fic. 1. Inhibition of arsenolysis of adenine riboside at various pH. (Enzyme 
Preparation 2, prepared by phosphate extraction.) The system contained 0.1 ml. 
of 0.1 mM succinate-0.1 M arsenate buffer at the indicated pH, 2.67 umoles of adenosine, 
and 0.2 ml. of Enzyme Preparation 2. Total volume, 0.6 ml. Control, X; caffeine 
8.6 mm, O. 

Fig. 2. Inhibition of arsenolysis of inosine at various pH. (Enzyme Preparation 
5, prepared by extraction with tris(hydroxymethyl)aminomethane buffer.) The 
system contained 0.1 ml. of 0.2 mM arsenate buffer at the indicated pH, 0.93 umole of 
inosine, and 50 wl. of enzyme. Total volume, 0.25 ml. Control, X; caffeine 8.6 
mM, O. 


pared with the same ratio of wet weight of cells to volume of extracting 
fluid (1:5); on this basis all extracts possess approximately the same degree 
of activity except Enzyme Preparation 4 (Fig. 3) which is about one-third 
asactive. Enzyme Preparation 4 was prepared from bacteria grown in the 
presence of adenine, and it should be mentioned that EF. coli shows a long 
lag when introduced into adenine-containing medium. However, once 
growth is established, the growth rate is normal and is maintained when 
the cells are transferred to adenine-deficient medium. This suggests that 
some adaptive response to adenine is involved. 

In the lower portion of these graphs is given the pH-activity curve in the 
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presence of caffeine. The preparation in Fig. 1 is only very slightly in. 
hibited in the vicinity of the maximal activity. That this is not due to 
the presence of inadequate amounts of inhibitor can be seen in Fig. 4. At 
alkaline pH the inhibition is marked but is not complete (Fig. 1). Further. 
more, the inhibition is not increased by increased amounts of caffeine 


0.200 1 T 
0.180} 
0.160 4 
0.140 
0.120} 
0.100 |- Control 1 & 0.100 
0.080} 
H 9.5 
oO. 
+ 
0.020}- + 
t+ 0 20 40 
PH CAFFEINE CONC. (mM) 
Kia. 3 Fia. 4 


Fic. 3. Inhibition of arsenolysis of inosine at various pH. (Inzyme Preparation 
4, prepared from bacteria grown in the presence of adenine. The bacteria were 
ground and extracted with tris(hydroxymethyl)aminomethane buffer.) The sys- 
tem contained 0.1 ml. of 0.2 M arsenate buffer at the indicated pH, 0.93 umole of 
inosine, and 50 wl. of enzyme. Total volume, 0.25 ml. Control, X; caffeine 86 


mM, O. 

Fig. 4. Inhibition of arsenolysis of adenosine by caffeine at various concentra- 
tions. (Enzyme Preparation 2.) The system contained 0.3 ml. of sueccinate-arsen- 
ate buffer (0.1 m in each component), 2.67 wmoles of adenosine, and 0.1 ml. of en- 


zyme. Total volume, 1.5 ml. 


(Fig. 4). This would seem to indicate the presence of at least two en- 
zymes, one with an acid pH optimum that is insensitive to caffeine and 
one with a broad optimum at alkaline pH that is sensitive to caffeine. In 
the other two cases (Figs. 2 and 3) the caffeine-inhibitable activity appears 
to have an optimum near neutrality with relatively insensitive enzyme 
activity at the pH extremes. Enzyme Preparation 4 (Fig. 3) possesses a 
relatively larger proportion of inhibitable activity. 

In Table I the degree of inhibition produced by caffeine on the three 
Enzyme Preparations 6-1, 6-2, and 6-3, obtained from one sample of bac- 
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teria as described above, is shown. 


different pattern of inhibition. 


193 


It is seen that each preparation has a 
Thus it may be concluded that there are 


a variety of enzymes catalyzing the splitting of purine ribosides. 

In view of the general insensitivity towards caffeine at pH 5, we have 
studied the inhibition of a variety of substances at alkaline pH (Table 
II). It was found that the three methylxanthines inhibit the arsenolysis 


reaction, as do hypoxanthine, xanthine, adenine, and guanine. 


tion some pyrimidines are inhibitors, whereas others are not. 
It is of interest that, of all the purines tested, caffeine is the least in- 


hibitory to arsenolysis of adenosine and inosine. 


In addi- 


In Fig. 5 it is noted that 


this results from the action of at least two enzymes, one inhibited by both 
caffeine and theophylline and the other only by theophylline. 


Inhibition of Inosine Arsenolysis by Caffeine 


Tanne 


This sug- 


pmoles Distribution of 
Enzyme Preparation® No. (measured at 
piso | pit 9.0 

6-3 (Phosphate extract)................. 78 78 6 16 


*Enzyme Preparation 6-1 was most active at pH 5, lknzyme Preparation 6-2 
at pH 9, and Enzyme Preparation 6-3 at pH 7. 


gested the possibility that the enzyme active at pH 5 might be inhibited 
by theophylline even though not by caffeine. This was found not to be 
the case. 

The existence of a number of enzymes which can split purine ribosides 
presented the possibility that they might not all be phosphorylases. At 
pH 9.0 no detectable hypoxanthine is produced in the absence of added 
phosphate or arsenate by Enzyme Preparation 6-1; at pH 5, on the other 
hand, there appears to be some activity (about one-third) in the absence 
of phosphate and arsenate. While this might be due to traces of phos- 
phate from cellular constituents, it is clear that the bulk of the enzyme 
activity at pH 5 is phosphorolytic. 

§ As noted above, the reaction products adenine and hypoxanthine are 
potent inhibitors. It is therefore not surprising that kinetic experiments 
showed the rate of splitting to slow very markedly as the reaction pro- 
ceeds. With the conditions of time and concentration used in the majority 
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of this work, the uninhibited controls at the end of the reaction period 
split the substrate at about one-half the initial rate. This inhibition by 
the reaction products tends to decrease the total amount of free purine 
produced in controls but not in the tubes containing inhibitor. Therefore 
the effect of the inhibitor appears to be less than it actually was because 
of the reduced values in the controls. However, it can be calculated that 


TABLE II 
Inhibition of Purine Ribonucleoside Phosphorylase (pH 9.0 to 9.6) 


Per cent inhibition of arsenolysis by 10 pmoles per ml. substance 
Substance Enzyme Preparation 2 | Enzyme Preparation 6-1 
Experiment 34° | Experiment 35 | Experiment 58 | Experiment 59 
Methylxanthines 
Theobromine................ 90 87 
73 85 
Normal purines 
(Guanine... GOT Q5 
Xanthine |. 26+ 22t 78 
Hypoxanthine 51 
Pyrimidines 
Thymine. 53 4} 
16 | 
5-Methyleytosine 0) | 


* In Experiment 34 adenosine was the substrate; in Experiments 35, 58, and 59 
inosine was the substrate. 

t In these experiments the inhibitor crystallized out. Upon repetition complete 
inhibition was obtained. 


this factor introduces an error the magnitude of which is approximately 
that of the method.! 

The type of inhibition appears to be competitive, as indicated by Line- 
weaver-Burk plots, but this is a dubious result because of the above men- 
tioned inhibition by the reaction product. 


! If one inserts into the usual expressions for competitive inhibition the fact that 
in the uninhibited system the final rate is one-half of the initial rate, it may readily 
be calculated that an additional inhibitor, that would give 50 per cent inhibition in 
the absence of product inhibition, would appear to have given only 40 per cent in- 
hibition. With either much greater or much smaller inhibition by the added in- 
hibitor, the amount of error introduced into estimate of the percentage inhibition is | 
reduced. 
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Purine Deoxyriboside Phosphorylases 


The splitting of the purine-deoxyribose bond presents a different pattern 
of activity than that of the purine-ribose bond. Although the activity is 
maximal at pH 4, the degree of inhibition produced by caffeine is greatest 
at this pH (Fig. 6). At alkaline pH the degree of inhibition and the total 
activity are markedly reduced. As Fig. 7 indicates, the amount of caffeine 
used in Fig. 6 produces the maximal degree of inhibition; therefore, it might 
again be assumed that at least two enzymes are acting. In Table III the 


100, 


90 
80 
70 
60 
50 


Caffeine 


40 


30}; 


PERCENTAGE ACTIVITY 


Theophylline 


CONC. (mM) 

Fig. 5. Inhibition of arsenolysis of inosine by theophylline and caffeine. (ln- 
zyme Preparation 6-1, the soluble fraction of the tris(hydroxymethyl)aminomethane 
extract.) The system contained 0.1 ml. of 0.2 M arsenate buffer, pH 9.0, 3.74 umoles 
of inosine, and 0.1 ml. of enzyme. Total volume, 0.5 ml. 


effects of various purine and pyrimidine bases on this reaction are given. 
It is seen that caffeine, adenine, and hypoxanthine inhibit partially. The 
value of 100 per cent inhibition for theophylline is doubtful in view of the 
fact that the blank values are large and thus the difference between the 
zero time controls and the incubation mixture represents a difference of 
two large numbers. Interestingly, theobromine, xanthine, and guanine 
inhibit this reaction very little; the pyrimidine derivatives tested were 
also non-inhibitory. 

The reactions studied are completely phosphate- or arsenate-dependent 
and do not occur if neither anion is present. Because adenine deoxy- 


riboside prevents chromophore development and because the products are 
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potent inhibitors of the reaction, we were unable to determine the type of 
inhibition. 
Uridine Phosphorylase 


This enzyme, originally described by Paege and Schlenk (13), does not 


appear to be inhibited by caffeine. 


if i 
0.4 d 
1 i T i 
O.7+ e@ 
2 8 
4 
2 0.5 
0.4 
0.3: + Caffeine 4 
0.2} 
oO 
0.1 
3 4 5 6 7 8 9 WO tt O 5 10 20 
pH CAFFEINE CONC. (mM) 
Kia. 6 7 


Fia. 6. Inhibition of arsenolysis of adenine deoxyriboside by caffeine at various 


pH. The system contained 0.1 ml. of 0.2 M arsenate buffer at the indieated pH, 1.33 
umoles of deoxyadenosine, and 0.1 ml. of enzyme. (Inzyme Preparation 6-1.) 
Total volume, 0.5 ml. Control, @; caffeine 20 mM, O. 


Fig. 7. Inhibition of arsenolysis of adenine deoxyriboside by various concentra | 


| 


tions of caffeine. System same as that for Fig. 6. The pH was 5. 


Thymidine Phosphorylase 


In our extracts, thymidine splitting was shown to be dependent on phos- 
phate. Although the preparation used here contained some phosphate, 
after dialysis the activity in succinate buffer could be augmented 22 times 


by the addition of inorganic phosphate. It is seen in Fig. 8 that the un- © 
dialyzed extract caused the reaction to proceed to equilibrium, and that | 


caffeine did not inhibit this process. We studied this reaction in the hope 
of coupling the production of deoxyribose-1-PO, (7, 14) with the purine 
deoxyriboside phosphorylase. As can be seen, the reaction may be coupled 
to permit the slow phosphorolysis of thymidine. The presence of caffeine 
did not affect the extent of this latter phase appreciably; this probably 
results from the fact that the purine deoxyriboside phosphorylase activity 
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was already inhibited by the hypoxanthine present. No coupling could 
be obtained with the dialyzed extract in the absence of phosphate. 
Cytidine Deaminase 


All the bacterial extracts tested deaminated cytidine and, even more 
rapidly, deoxycytidine; cytosine was not attacked. The activity was not 
inhibited by 20 mo caffeine. 


TaBLeE III 
Inhibition of Purine Deoryriboside Phosphorylase (pH 6&)* 


Per cent inhibition of 
Substance 
at 10 wmoles per ml. 
Methylxanthines 
Normal purines 
Pyrimidines 


* See Fig. 6 for the experimental detail. 


Adenosine Deaminase 


In all preparations of extract in which tris(hydroxymethyl)aminometh- 
ane buffer was used, we have found the presence of adenosine and deoxy- 
adenosine deaminase activity. However, in Enzyme Preparation 2 no 
adenosine deaminase was present. The absence of this enzyme allowed us 
to study the arsenolysis of adenosine with this preparation, which we were 
unable to do with later ones. The presence of deoxyadenosine deaminase 
in later preparations also prevented the measurement of the adenosine 
deoxyriboside phosphorylase by the paper chromatographic procedure of 
MacNutt (15). Enzyme Preparation 2 was prepared with phosphate buffer. 
It therefore appeared possible that this activity was inhibited or inac- 
tivated by phosphate. Control experiments with Enzyme Preparations 4 


and 5 indicated that such is not the case. However, it still remains possi- 
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ble that the deaminase activity is not extracted from the cellular material 
with phosphate buffer. 

The deaminase when present attacked both adenosine and deoxyadeno- 
sine; the kinetics of the deamination reaction were first order, and the 
same reaction rate constant was found for both substrates. Only one 
preparation (No. 4) deaminated adenine and did so with a zero order rate. 
By using paper chromatography (butanol-H,O solvent) it was found that 
theobromine and caffeine (20 mm) did not inhibit the adenosine deami- 
nase. The deaminase was inhibited by Versene, and sometimes the ac- 
tivity was increased by the addition of bovine plasma albumin when small 
amounts of enzyme extract were used. 
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Fia. 8. Thymidine splitting in the presence of caffeine and hypoxanthine. The 
system contained 0.4 ml. of Enzyme Preparation 1, 16.5 wmoles of thymidine, 20.6 
umoles of caffeine, 29.4 umoles of hypoxanthine. Total volume, 3.0 ml. This en- 
zyme had been prepared by extraction of the ground bacteria with phosphate buffer. 
The solutions were otherwise unbuffered and had a pH of 7. C = caffeine; HX = 
hypoxanthine. 


DISCUSSION 


The activity causing the splitting of the purine-ribose bond and the 
purine-deoxyribose bond in arsenate solution is more or less inhibited by 
methylxanthines. Large variations in the activity and in the degree of 
inhibition were found in different enzyme preparations and the degree of 
inhibition varied at different pH values. 

This suggests that F. coli contains a number of enzymes mainly of the 
phosphorylase type, each with its characteristic pH-activity curve and 
sensitivity to these agents. Differences in the preparation of a given en- 
zyme result, therefore, from variations in the grinding and extraction 
techniques. 

However, the fact remains that the mutagenic methylxanthines do in- 
hibit some of these enzymes. We propose as a working hypothesis that 
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it is this inhibition which is responsible for the mutagenic action of these 
substances. Specifically we propose that caffeine, theobromine, and theo- 
phylline, by inhibiting these phosphorylases, do not inhibit the rate of 
total nucleic acid synthesis but do decrease the instantaneous steady state 
concentration of the nucleic acid intermediates. The decrease in the steady 
state concentration of purine intermediates would then lead to an increased 
mutation rate as the result of an increased chance, during duplication, of 
incorporation of some other moiety into a position in the nucleic acid 
previously occupied by the purine. This process could be envisioned in 
terms of the Watson-Crick model of deoxyribonucleic acid structure (16) 
as the extremely infrequent production of a nucleic acid molecule, one of 
whose strands is not precisely the complement of the other. Watson and 
Crick suggest that mutation is the result of such a process and that the 
nucleic acid which is formed contains one of the heterocyclic bases in its 
less likely tautomeric form. Upon subsequent duplication a new molecule 
is found in which each chain is the precise complement of the other. 

Caffeine, theophylline, and theobromine do not affect the growth rate 
of the organism when present in concentrations which greatly increase the 
mutation rate. That the compounds do not influence the growth rate may 
be a result of the lack of inhibition of certain phosphorylases and hydro- 
lases, which can then support nucleic acid synthesis. 

An alternative explanation of the mutation process would be that the 
incorporation of these agents into the growth medium causes an adaptive 
response of the organism to the elaboration of different amounts or kinds 
of enzymes of nucleic acid metabolism and this, in a manner similar to that 
outlined above, gives rise to mutation. This hypothesis is particularly 
attractive in the case of adenine which is a weak mutagen and does seem 
to require an adaptive process before growth can occur. 

From an examination of these data and those of Novick and Szilard 
(3, 17, 18) it would appear that the inhibition of the reaction catalyzed by 
purine ribonucleoside phosphorylase is the cause of mutagenesis. The in- 
sensitivity of the deoxyribosidase to theobromine would indicate that the 
reaction catalyzed by this enzyme is not critical in the mutation process; 
secondly, the antimutagenicity (17) of the purine ribosides is much more 
easily explained in terms of a reversal of the competitive inhibition of the 
riboside phosphorylase by additional substrate. The decrease in sponta- 
neous mutations produced by purine ribosides implies that the majority 
of spontaneous mutations are of the same nature as the methylxanthine- 
induced ones (17). It should be mentioned that attempts to demonstrate 
free purine bases, nucleosides, and nucleotides in the acid-soluble fraction 
of these bacteria have failed (6). Only adenine ribotides are found in 
aerobic cultures (6). Under anaerobic conditions, appreciable concentra- 
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tions of adenosine exist intracellularly, and, concomitantly, the spontane- 
ous mutation rate is decreased.’ 

One difficulty with the hypothesis is that the normal purines, though 
quite inhibitory to some of the phosphorylases, are either only slightly 
mutagenic or definitely non-mutagenic. This may be resolved by the fact 
that these substances are rapidly synthesized into nucleic acids, and thus 
the free intracellular concentration is very small. If bacteria are briefly 
exposed to adenine-8-C", only a very small fraction of the activity can be 
found intracellularly as the free base (6). 

However, this theory can and will be tested by the enzymic analysis of 
extracts prepared from bacteria grown under a variety of conditions, as 
well as by the study of the inhibition by other purine and pyrimidine 
derivatives. 

It should be mentioned that Kihlman and Hansen-Overgaard (19) have 
very recently reported that caffeine inhibits, of several enzymes tested, 
only the muscle phosphorylases of Cori and that this effect was reversed 
by muscle adenylic acid, but it is difficult to imagine a connection between 
this finding and mutational events in microorganisms. 


SUMMARY 


Extracts of Escherichia coli were tested for a number of enzymes of 
nucleic acid metabolism. Of the enzymes tested, some, but not all, of 
the purine nucleoside phosphorylases of both the ribose and deoxyribose 
types were inhibited by the mutagenic agents, caffeine, theobromine, and 
theophylline. 

The hypothesis is presented that by this inhibition the intracellular level 
of nucleic acid intermediates is reduced and thus the probability of muta- 
tion is increased. 


We wish to thank Dr. Aaron Novick for helpful suggestions and criti- 
cisms during the course of this work. 
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The wide-spread distribution of trypsin inhibitors throughout the vege- 
table and animal kingdoms (1) makes elucidation of their physiological 
function of great interest. From this point of view, resistance to peptic 
digestion becomes an important property, since only an inhibitor resistant 
to pepsin is likely to produce any physiological effect when ingested by a 
normal animal. 

The soy bean inhibitor is the only inhibitor which has been studied in 
detail. Kunitz (2, 3) investigated the digestion of native and heat-dena- 
tured soy bean trypsin inhibitor by 0.01 per cent pepsin at pH 3 and pH 2 
at 30°. The denatured inhibitor was rapidly digested at both pH values. 
The native inhibitor remained totally active after 7 hours exposure to pep- 
sin at pH 3, whereas, at pH 2, it was digested at an almost constant initial 
rate, about 40 per cent of the inhibiting activity being lost after 150 min- 
utes incubation. While rate measurements have not been made with 
other trypsin inhibitors, Fraenkel-Conrat et al. (4) incubated solutions of 
inhibitor preparations with 0.0025 per cent pepsin in 0.01 N HCl at 40° 
for 24 hours, and found that the amorphous Lima bean inhibitor retained 
93 per cent of the original activity, soy bean inhibitor 1 per cent, and ovo- 
mucoid 2 per cent. Incubation with acid alone gave values of 100, 55, and 
100 per cent activity retained, respectively. 

The present paper describes a study of the resistance to peptic digestion 
of six inhibitors, four of which have not been investigated before. 


EXPERIMENTAL 


Materials—Three samples of crystalline trypsin were used, two prepared 
by the method of Kunitz and Northrop (5) as modified by McDonald and 
Kunitz (6), and one prepared from trypsin-inhibitor complex after dis- 
sociation of the complex with trichloroacetic acid (5). The pepsin was a 
commercial preparation (Armour), which was stated to contain 13.5 per 
cent nitrogen and 0.22 proteolytic unit per mg. of nitrogen. A check of 


* Aided by a research grant from the National Institute of Arthritis and Metabolic 
Diseases, National Institutes of Health, United States Public Health Service. 
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the activity by the hemoglobin digestion method (7) indicated 0.17 unit 
per mg. of nitrogen. 

The six inhibitors' studied have been described previously: partially 
purified bovine blood plasma inhibitor (8), crystalline Aazal’s inhibitor from 
pancreas (9), ovomucoid (10), crystalline soy bean inhibitor (11), crystalline 
bovine colostrum inhibitor (12, 13), and the crystalline pancreatic inhibitor 
of Kunitz and Northrop (5). The italicized names will be used subse- 
quently. 

Casein (14), human hemoglobin (15), and a-p-toluenesulfonyl-L-arginine 
methyl ester hydrochloride (TAMe) (16) were used as substrates. 

Solutions of pepsin, blood plasma inhibitor, and ovomucoid were made 
on the basis of weight. Solutions of trypsin and the remaining inhibitors 
were prepared on the basis of optical density at 280 muy, the optical factors 
previously described (1) being used. 

Digestion with Pepsin—Suitable concentrations of inhibitor (equivalent 
to about 50 7 of trypsin per ml.), previously warmed to 37°, were added to 
pepsin solutions similarly equilibrated, so that the final pepsin concentra- 
tion was 0.01 per cent? and the final HCl concentration was 0.032 n (pH 
1.5). To stop the digestion at desired intervals, 2 ml. aliquots were re- 
moved into 10 ml. volumetric flasks containing 1 ml. of 0.2 m borate buffer, 
pH 7.6, and NaOH equivalent to the HCl. At least two, and usually 
three or four, digestions were performed for each inhibitor, and the trypsin- 
inhibiting activity remaining in the digests was determined with aliquots 
of each digest at various time intervals by two or three different methods. 

Determination of Trypsin-Inhibiting Activity—Most observations were 
made by the spectrophotometric method of Kunitz (2) with casein as sub- 
strate, except that the casein solution was made in 0.1 m borate buffer, 
pH 8.0, and Ca was added to give a final concentration of 0.01 m in the 
digestion mixture. The use of casein as a substrate for enzyme determina- 
tions has been criticized (17); the results reported in this paper, however, 
were in agreement with the other methods. 

The second method used was the spectrophotometric hemoglobin diges- 
tion method of Anson (7) as modified by Green and Work (18), except that 
the phosphate buffer of the hemoglobin solution was replaced with an equi- 
molar amount of boric acid, HCl was used to adjust the solution to pH 
7.5, and the final concentration of Ca in the digest was 0.01 m. We did 


1 We wish to thank Dr. L. A. Kazal for the sample of his inhibitor from pancreas. 
Soy bean inhibitor was purchased from the Worthington Biochemical Corporation, 
and the other inhibitors were prepared in this laboratory. We are grateful to Mr. 
R. J. Peanasky for the blood plasma inhibitor and to Miss Feng Chi Wu for the ovo- 
mucoid. 

2 It was first established that soy bean inhibitor was digested with an equal veloc- 
ity in 0.1 and 0.01 per cent pepsin. 
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not find dissociation of the trypsin inhibitor complex in the presence of 
urea, as reported by Jacobsson (19), but our urea concentration was only 
half of his, and the digestion time only 5 minutes. 

Third, the manometric method of Parks and Plaut (20), originally de- 
scribed for chymotrypsin, was modified and applied to the determination 
of tryptic activity with TAMe as substrate. The results with our three 
preparations of trypsin are shown in Fig. 1. As in the original method, 
after tipping of the enzyme solution, the first 3 minutes were disregarded 
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Fia. 1 Fig. 2 


Fic. 1. Manometric assay for trypsin at 30° with a-p-toluenesulfonyl-L-arginine 
methyl ester as substrate. The initial rate of hydrolysis (microliters of COs liber- 
ated per minute were recorded for 6 to 12 minutes starting after the first 3 minutes) 
is plotted against the concentration of trypsin (micrograms per ml., total volume of 
liquid in Warburg’s vessel, 3 ml.). Final concentrations, 0.27 m substrate, 0.042 m 
NaHCO;, 0.01 m CaCl:, 0.0017 m borate buffer, pH 7.6. Atmosphere, 100 per cent 
CO:; final pH 6.5. O, @, © represent three different trypsin preparations. 

Fic. 2. The effect of substrate (TAMe) concentration on the rate of evolution of 
CO:.. Trypsin concentration, 2 to 6 y per ml. The other conditions are the same 
as in Fig. 1. 


and the readings from 3 to 15 minutes were recorded. The rate of evolu- 
tion of COz was constant for at least 15 minutes. Within the range of con- 
centrations from 0.7 to 2.5 y per ml., the curve approaches a straight 
line. The upward trend of the curve may be caused either by retention of 
CO, or by inactivation of trypsin. Both of these would affect the lower 
part of the curve more markedly. The choice of 0.27 m substrate’ is jus- 


* The rather large quantities of TAMe used may be recovered by evaporation of 
the combined solutions used for manometric analysis, acidification, and extraction 
of the substrate and its hydrolysis product from the salts and trypsin with warm 
methyl alcohol, and reesterification according to Bergmann et al. (16). 
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tified by the results of Fig. 2, which shows that at this region small vari- 
ations in substrate concentration will not affect the results. 

Benzoyl-L-arginine esters may be substituted for TAMe. With benzoyl- 
L-arginine methyl ester, the optimal substrate concentration was estab- 
lished as 0.067 mM, and the rate of CO, liberation was about one-fifth of 
that with TAMe. 

Green (21) has shown that ester substrates displace certain protein in- 
hibitors from their complexes with trypsin. However, with pancreatic, 
colostrum, and blood plasma inhibitors, no significant displacement was 
found, and therefore this method was successfully applied to these three 
inhibitors. In agreement with Green, who found that ovomucoid and soy 
bean inhibitor were displaced by benzoyl-arginine ethyl] ester, it was found 
that TAMe also displaced these inhibitors and in addition displaced Kazal’s 
inhibitor. 

RESULTS AND DISCUSSION 


The relative resistance of the inhibitors to peptic digestion is presented 
in Table I and in Fig. 3. The time required for 50 per cent inactivation of 
different inhibitors varied from less than 30 seconds to more than 3 weeks 
(Table I). In the case of blood plasma inhibitor, the inactivation is so 
rapid in acid alone that no claim can be made regarding the accelerating 
action of pepsin. It is therefore omitted from Fig. 3. Kazal’s inhibitor 
and ovomucoid, known from their methods of preparation to be stable in 
acid, were rapidly digested by pepsin, indicating that instability in acid is 
not a prerequisite for peptic digestion. 

The soy bean inhibitor was digested at a slower rate than the previous 
three inhibitors. Our conditions differed somewhat from those of Kunitz 
(2), and no direct comparison of values seems warranted; however, our 
results are in general agreement with his. The rate of inactivation of soy 
bean inhibitor by acid alone, at pH 1.5, at 37° was also measured (see the 
dotted curve, Fig. 3). This curve represents the lower limit of the rate of 
denaturation, since some reversal of denaturation occurred in the slightly 
alkaline solutions during the time required for activity determination. 
The actual rate of denaturation may therefore be almost equal to the rate 
of digestion with pepsin. In agreement with Kunitz (3), it was found that 
reversal of denaturation after short exposure to acid alone was nearly com- 
plete. With peptic digests, no reversal whatsoever occurred, even after 
72 hours at pH 7.6. 

Colostrum inhibitor (Fig. 3) and particularly pancreatic inhibitor were 
considerably more stable than the others tested. Pancreatic inhibitor is 
not indicated in Fig. 3 because no digestion, detectable by inactivation, 
occurred. Failure of digestion cannot be ascribed to inactivation of pep- 
sin, which, after 1 week of exposure, retained 40 per cent of its original 
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activity, and after 3 weeks still retained 21 per cent. This inhibitor also 
showed no inactivation in 0.1 per cent pepsin. The possibility of protec- 
tion of pancreatic inhibitor by complex formation with pepsin, or inhibition 


TABLE I 
Loss of Activity of Trypsin Inhibitors on Treatment with Pepsin and with Acid 
Pepsin, 0.01 per cent, pH 1.5, 37-38°. Acid alone, 0.032 n HCl (pH 1.5), 37-38°. 
Inhibitor concentrations between 7.5 and 35 y per ml. (see Fig. 3). 


Time required for 50 
Inhibitor per cent digestion Effect of acid alone 
by pepsin 

<30 sec. Inactivated in <30 sec. 
5 min. Fully active after 40 min. 
Ovomucoid........ 13 min. 2 hrs. 
Soy bean......... | 44“ 50% denaturation in 1 hr. (reversible) 
Colostrum.......... 183 min. Stable in acid (12) 
Pancreatic. ....... | >3 wks. 


The figures in parentheses represent bibliographic references. 


TIME IN HOURS 


COL 
TIME IN HOURS 


Fic. 3. Digestion of four trypsin inhibitors by pepsin at 37°. Per cent digestion 
is plotted against time. Final concentrations, inhibitor equivalent to about 50 + 
per ml. of trypsin, pepsin 0.01 per cent, HCl 0.032 n, pH 1.5. Inhibitors, KAZ, 
Kazal’s; OVO, ovomucoid; SOY, soy bean; and COL, colostrum. Methods of de- 
termination, O, casein, @, hemoglobin, (, manometric; dash line on the soy bean 
chart represents inactivation by acid alone. 


PER CENT DIGESTION BY PEPSIN 


of pepsin by the inhibitor, was also excluded by an experiment in which 
no inhibition of pepsin was found with as much as 5-fold excess by weight 
of inhibitor over pepsin. 

To demonstrate actual digestion by pepsin, and not merely inactivation, 
paper chromatograms in a butanol-acetic acid system were made of the 
digests with two inhibitors, ovomucoid and soy bean. The results are 
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presented in Fig. 4. With soy bean inhibitor, a large number of small 
breakdown products were formed, whereas with ovomucoid large products 
were formed which moved very slowly. 

It appears, therefore, that inactivation may occur by two distinct mecha- 
nisms. In the case of soy bean inhibitor, peptic digestion was preceded 
by acid denaturation, and proteolytic breakdown of the denatured inhibitor 
was extensive. With ovomucoid and Kazal’s inhibitor, no denaturation 
by acid was observed; inactivation of the ovomucoid by pepsin was ac- 
companied by proteolysis limited to a small number of peptide bonds. 


29 


B26 

Fig. 4. Paper chromatography of peptic digests of inhibitors in a system: butanol 
(40)-acetic acid (10)-water (50), Whatman No. 1 paper, development with ninhydrin. 
A, soy bean inhibitor digested 5 hours at 37° with 0.01 per cent pepsin at pH 1.5 
(Line 1), exposed to acid alone at pH 1.5 (Line 2); 93 y samples chromatographed 20 
hours. B, ovomucoid digested 2} hours at 37° with 0.01 per cent pepsin at pH 1.5 n 
(Line 1), exposed to acid alone at pH 1.5 (Line 2); 375 y samples chromatographed 


72 hours; parallel autolysates of 0.01 per cent pepsin showed no spots. 4 
Incidentally in our experiments we obtained some data on the ratio in } : 
which trypsin combines with the various inhibitors. With the exception . 
of soy bean and ovomucoid, which agreed with earlier data, the values 
found were somewhat higher than those previously reported (1). By the t 


casein, hemoglobin, and manometric methods, respectively, 1 y of pan- 
creatic inhibitor was equivalent to 2.32, 2.34, and 2.36 y of trypsin, and 1 
y of colostrum inhibitor was equivalent to 2.83, 2.65, and 2.61 y of trypsin. ° , 
This discrepancy in values is partly caused by the use of a different optical | 


factor for trypsin (0.670 instead of 0.585). It may also be influenced, as 

Green and Work (18) have pointed out, by the relative differences in ac- | 
tivity of different batches of inhibitor and trypsin. On the other hand, | 
when the activity of the same solution of inhibitor and trypsin was deter- 
mined with two or three different substrates, the inhibition ratios agreed }  ; 
surprisingly well, in view of the differences in values previously reported g 
for different substrates. 


4The values previously reported for pancreatic inhibitor with three substrates 10 
were casein 2.07 (13), hemoglobin 2.5 (18), and benzoyl-L-arginine ethyl ester 3.7 11 
(21) of trypsin inhibited by 1 y of inhibitor. For colostrum inhibitor, the ratio of ~ 
trypsin to inhibitor was 2.3 with casein (12) (compare Laskowski and Laskowski (1) 
for other inhibitors). 
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From the coincidental appearance of immune globulins and trypsin in- 
hibitor in cow’s colostrum, it has been postulated (12) that the inhibitor 
may be a part of the mechanism involved in transmitting immune globulins 
from a mother to a new-born. Recently, this hypothesis was tested on 
swine by Barrack, Matrone, and Osborne (22). They used an amorphous 
preparation of trypsin inhibitor (origin not specified) obtained from Armour 
and Company.’ They found that feeding swine y-globulin through a stom- 
ach tube did not result in the appearance of y-globulin in the circulating 
blood of the new-born pig, regardless of whether it was administered with 
or without the inhibitor. The appearance of y-globulin was observed after 
feeding normal colostrum. In view of our results, the negative conclusion 
of Barrack et al. (22) appears to require reevaluation. 


Our thanks are due to Miss Feng Chi Wu for valuable suggestions, and 
to Dr. M. Privat de Garilhe for help in chromatography experiments. 


SUMMARY 


1. The manometric method of Parks and Plaut, originally described for 
the determination of chymotrypsin activity, has been applied to the deter- 
mination of trypsin. 

2. Naturally occurring trypsin inhibitors differ markedly in their resist- 
ance to pepsin. In the order of increasing stability, the six which we have 
studied are blood plasma inhibitor, Kazal’s inhibitor from pancreas, ovo- 
mucoid, soy bean inhibitor, bovine colostrum inhibitor, and the inhibitor 
of Kunitz and Northrop from pancreas. 

3. These findings suggest that only pepsin-resistant inhibitors are likely 
to produce physiological effects when administered orally to animals. 
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THE INDUCED INCREASE IN THE TRYPTOPHAN 
PEROXIDASE-OXIDASE ACTIVITY OF RAT 
LIVER: TIME STUDIES 


By NORMAN D. LEE 
WITH THE TECHNICAL ASSISTANCE OF HELEN L. KILE AND Aba M. OLDHAM 


(From the Radioisotope Unit, Veterans Administration, Medical Teaching 
Group Hospital, Memphis, Tennessee) 


(Received for publication, May 26, 1955) 


In 1951 Knox (1) showed that the intraperitoneal administration of 
tryptophan to the rat resulted in a marked increase in the level of the liver 
tryptophan peroxidase-oxidase (TPO) activity within a matter of hours, 
and that this phenomenon complied with various of the criteria describing 
the induced formation of enzymes in microbial organisms (2). The nature 
of the methods used supported the view that this was the result of a net 
increase in enzyme. Since then, Knox (3) has brought forth evidence that 
this two-step oxidative activity is associated with a single, enzymatically 
active protein molecule. In addition, Lee and Williams (4) have shown 
the induced response to be clearly manifest within an hour after tryptophan 
administration. ‘Their studies with S**-labeled cystine and ethionine (5) 
provided additional support for the contention that the net increase in 
TPO activity was the result of enzyme synthesis. 

The present report is concerned with the time-course of the increase in 
TPO activity of rat liver after either intraperitoneal or intravenous ad- 
ministration of L-tryptophan in saline. 


Methods 


The experiments were conducted by parenterally administering L-tryp- 
tophan dissolved in saline, sacrificing the animals after various time inter- 
vals, and removing the liver for determination of TPO activity. The de- 
tails of the methods are given below. 

Animals—Male Sprague-Dawley rats, average weight 238 gm., range 
204 to 266 gm., were used in most experiments. They were kept on Purina 
dog chow checkers until 16 hours before tryptophan administration, at 
which time food was removed. In one experiment lasting 20 hours after 
amino acid injection, the rats were not fasted at any time. 

Tryptophan Administration—.-Tryptophan, in doses of 10, 25, or 100 
mg. per 100 gm. of body weight and dissolved in 5 ml. of saline per 100 gm. 
of body weight, was injected intraperitoneally. The experimental period 
after the administration of the amino acid is called the induction period. 
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In another group of experiments, 20 mg. of L-tryptophan dissolved in | 
ml. of saline were administered intravenously, and the induction period 
was | or 2 hours. 

A third group of twenty rats was placed in metabolism cages and was 
injected intraperitoneally with saline (5 ml. per 100 gm. of body weight); 
urine was collected for 24 hours for determination of the basal excretion 
of tryptophan and kynurenine. A week later the same animals were sep- 
arated into two groups of ten each and were injected with a saline solution 
of tryptophan. The volume was again based on body weight, but the 
tryptophan dose was either 2 mg. of L-tryptophan per 100 gm. of body 
weight (average 6.1 mg.) or 100 mg. per 100 gm. of body weight (average 
312 mg.). Urine was again collected for 24 hours. 

Appropriate saline controls were carried out for all groups. 

Analyses—At the end of the induction period the animals were sacrificed, 
and the livers were rapidly removed and rinsed with ice-cold isotonic 
alkaline KCl]. A 1 per cent homogenate was prepared in 0.9 per cent KCl 
and analyzed for TPO activity as described by Knox (1); at the end of the 
incubation, however, the reaction was stopped with 1 per cent boric acid 
in 95 per cent ethanol instead of Zn-NaOQH. The optical density of the 
deproteinized solution was then determined by the light absorption at 370 
mu with a Beckman DU spectrophotometer. The TPO activity is ex- 
pressed as micromoles of kynurenine formed per hour per gm. of liver, 
fresh weight. Under these conditions 0.1 umole of kynurenine per ml. 
had an optical density of 0.515. 

In addition, the increase in the free tryptophan content of the liver and 
plasma was estimated by deproteinization with perfluorooctanoic acid and 
by determination of the light absorption at 280 my. The results are ex- 
pressed as ‘‘A tryptophan” and represent the increase in tryptophan amino 
nitrogen, per gm. of liver or per ml. of plasma, above control levels. The 


kynurenine and tryptophan content of the 24 hour urine collections was _ 


determined by the methods outlined above. 

All data presented in this report have been corrected with respect to 
the saline controls. It should be pointed out, however, that these correc- 
tions were negligible in almost all instances. 

Experiments with Dogs—Adult mongrels were used without regard to sex. 
The animals weighed between 10 and 25 kilos and were fasted 16 hours 
prior to use. They were anesthetized with Nembutal intravenously, and 
biopsies were performed on the individual lobes of the liver in sequence at 
0, 1, 2, 3.5, and 5 hours. Good hemostasis at the biopsy site was achieved 
by suturing a Gel-Foam pad in place, and at no time did the animals show 
signs of shock. Immediately after the first liver sample was removed, 
the test dose was given via the external jugular vein. This was either (a) 
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25 ml. of saline at 30 minute intervals for a total of eight doses, (b) 500 
mg. of L-tryptophan in 25 ml. of saline at 30 minute intervals for a total of 
eight doses (4.0 gm.), or (c) 1 gm. of L-tryptophan in 50 ml. of saline in one 
dose. The analysis of the liver specimens for TPO activity was the same 
as that described above, except that the results have been calculated per 
100 mg. of liver protein as determined by the lipide-free, nucleic acid-free, 
dry white residue from the liver homogenate. 
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Fic. 1. The time-course of the relationship between the amount of L-tryptophan 
administered intraperitoneally and the level of TPO activity in rat liver. Each 
point represents the average of determinations on eight to twenty-four animals. 


Results 


Intraperitoneal Administration of L-Tryptophan—F ig. 1 presents results 
relating both induction period and inductor dose to the level of TPO ac- 
tivity in rat liver. From Fig. 1 the following facts are evident: (1) The 
increase in enzyme activity occurred almost immediately after administra- 
tion of the L-tryptophan; no lag period was apparent. (2) The duration 
of the increased liver TPO activity was roughly proportional to the dose 
of L-tryptophan. (3) The increase in liver TPO activity occurred in a 
linear fashion. This is particularly well demonstrated by the curve for the 
maximal dose. The same also appeared to be true for the dog (see Fig. 
4, curve for intermittent dosage). (4) The rate of increase in liver TPO 
activity was independent of the dose, since an analysis of the values at 1 
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hour showed them to be statistically indistinguishable. (5) The maximal 
enzyme activity was achieved at approximately 1, 1.7, and 5.5 hours 
for the minimal, intermediate, and maximal doses, respectively. Conse- 
quently, there was a direct relationship between time and the maximal 
amount of TPO activity formed for the various inductor dose levels. This 


is demonstrated in Fig. 1 by the dash line. No attempt was made to de- 


termine the precise time at which the values returned to control levels, 
but this must have occurred before 20 hours after tryptophan administra- 
tion (4). (6) There was a direct relationship between the maximal amount 
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Fic. 2. The relationship between the amount of L-tryptophan administered intra- 
peritoneally and the maximal level of TPO activity achieved. 


straight line plot in Fig. 2. 

Intravenous Administration of L-Tryptophan—The statement that the 
initial increase in TPO activity occurred at a rate which was independent 
of the amount of tryptophan administered is fundamental to an under- 


standing of the relationship between tryptophan dosage and TPO forma- 


tion. The validity of this statement was tested by injecting the minimal 
dose of tryptophan (10 mg. per 100 gm. of body weight) in 1 ml. of saline 
into the tail-vein of the rat and determining the TPO level after an induc- 
tion period of 1 hour. This route of administration permitted an immedi- 
ate and greatly augmented increase in the concentration of tryptophan 
presented to the liver, and eliminated problems of interpretation arising 
from a consideration of peritoneal absorption. It was predicted that the 


of enzyme formed and the amount of inductor used. This is shown by the * 


I 


0 
| 
| 

16 | 

2 | 

| 

| 
| 


imal 
ours 


ynse- 
imal 
This 
de- 
vels, 
stra- 
punt 


itra- 


N. D. LEE 215 
use of this route should, however, cause ai: increase in liver TPO activity 
not significantly different from those previously found at 1 hour. 

The results of this experiment, also carried over to an induction period 
of 2 hours, are compared with the intraperitoneal experiments in Table I. 


TABLE I 


Comparison of Route of Administration of L-Tryptophan with Respect to Increase of 
TPO Activity in Rat Liver 


Induction period, 1 hr. Induction period, 2 hrs. 
Injection Tryp- Tryp- 
Tryptophan Saline — Tryptophan Saline Bey 
rected rected 
Intraperitoneal 1.87 2.67 
+0.15 +0.26 
(6) (6) 
Tryptophan, mg. | 10 | 4.69 4.68 | 3.99 3.38 
per 100 gm. body +0.42 +0. 26 
weight (8) (16) 
25 | 5.50 5.49 | 6.33 5.72 
+0.31 +0.34 
(8) (16) 
100 | 5.58 5.57 | 10.4 9.80 
+0.51 +0.50 
(8) (14) 
Intravenous, 20 mg. 6.05 2.37 5.54 | 5.79 3.84 3.81 
tryptophan +0.48 +0.20 +0.23 +0.26 
(6) (6) (6) (6) 
Control 1.86 
+0.07 
(24) 


In the intraperitoneal series, the values are the average in per cent of eight to 
twenty-four rats; in the intravenous series, of six rats. 


mean + the standard error. 


animals used. 


The values are given as the 
The figures in parentheses represent the number of 


The values at 1 hour must be considered identical, since according to 
statistical analysis there is no significance to the difference between the 
highest (6.05) and the lowest (4.70) values of the series (p = 0.02 to 0.05) 
even when uncorrected for the increment due to saline injection; when 
corrected for the saline increment, p is <0.01. Consequently, it must be 
concluded that the rate of increase of TPO activity was independent of 
both the route of tryptophan administration and the dose, and that the 
original statement of this section was corroborated. 
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Tryptophan and Kynurenine Excretion—The data on the 24 hour uri- 
nary excretion of tryptophan and kynurenine are presented in Table II, 

It is apparent that, when the dose of inductor was relatively small, 
most of it was excreted unchanged, whereas, when the dose was large, 
about 56 per cent was excreted as kynurenine and less than 10 per cent as 
tryptophan. Furthermore, the kynurenine excretion for the larger dose 
may be deceptive; in all probability this represents a minimal value since 
there is a significant kynureninase activity in liver, and the activity of this 
enzyme in kidney is even greater (6). These results may be explained in 
terms of a variety of mechanisms, 7.e. kidney resorption of kynurenine, ete., 
but they are, nevertheless, consistent with the predictions based on the 
induced increase in liver TPO activity, thus resulting in a greater produe- 
tion of kynurenine. 


TABLE II 


Relationship between Amount of U-Tryptophan Administered Intraperitoneally and 
24 Hour Urinary Excretion of Tryptophan and Kynurenine 


Urinary excretion 


Per cent of 


Mg. per 24 hrs. administered dose 


Dose of tryptophan administered 


 Trypto- Trypto- | Kynure- 
| bi ‘Kynurenine | 


an nine 


6.1 mg. (2 10°°% body weight). ............ | 3.5 1.7 57.0 27.0 
312 mg. (100 K 10°°% body weight)....... tn 29 177 9.3 


Free Tryptophan of Liver and Plasma—The relationship between the free 
tryptophan in liver and plasma with respect to time is presented in Fig. 3. 
It was rather unexpected to observe no significant change in the “4 


tryptophan”’ values for liver. Although a slight spread in values is indi- | 


cated at the 1 hour point, this merely arose from the technical necessities 
for clear graphical presentation; at no time were the differences in the least 
remarkable. These observations were made somewhat more surprising in 
view of the striking accumulation of free tryptophan in the plasma. The 
2 hour value for the maximal dose was approximately 30 times greater 
than normal values, as reported by Schurr et al. (7). It would seem rea- 
sonable to conclude that the absorption of tryptophan from the peritoneal 
eavity occurred more rapidly than its removal from the plasma.  Further- 
more, it would seem that the entry of tryptophan into the liver cell kept 
apace with its metabolism, thus resulting in no accumulation of the induc- 
tor. It is tempting to speculate that this balance resulted from some sort 
of control over the influx of the amino acid, probably at the level of the 
liver cell wall. 
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A further point of significance is that the plasma tryptophan level for 
the maximal dose returned to control values at the same time that the 
respective TPO curve (Fig. 1) became maximal. The same was true for 
the lower doses, but was less precisely demonstrable because of their rela- 
tively small “‘A tryptophan” values. Consequently, the continuation of 
the induced increase in liver TPO activity could be correlated with the 
presence of greater than normal plasma tryptophan levels, and this increase 
came to a halt at the same time that the plasma tryptophan level, and 
thus the influx of this amino acid into the liver, returned to normal. 
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Fic. 3. The effect of various doses of L-tryptophan on the level of free tryptophan 
in the liver and plasma of the rat with respect to time. Each point is the average of 
determinations on eight to twenty-four animals. 


It would be of some interest to know how much of the administered tryp- 
tophan had been metabolized via the TPO system by the time plasma 
values returned to control levels. This can be calculated from the infor- 
mation presented in Fig. 1 and a knowledge of the relation between liver 
and body weights. Such calculations reveal that, by the time the ‘A 
tryptophan”’ value returned to zero, approximately 50 per cent of the ad- 
ministered tryptophan could have been oxidized to kynurenine. This 


calculation is in harmony with the data of Table II. In addition, it is 


probable that the major portion of the tryptophan unaccounted for was 
metabolized via other pathways during the same interval. Calculations 
based on the rate of glutamate formation from a-ketoglutarate and trypto- 
phan incubated with a rat liver enzyme preparation indicate that trans- 
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aminase activity could have accounted for as much tryptophan metabolism 
as the TPO system.! 

A similar mathematical analysis showed that the administered doses 
ranged from 8 to 80 times the basal oxidative capacity of the liver with 
respect to the TPO system, and 2.7 to 27 times the 1 hour level. Conse. 


quently, it is probable that during the ascending portions of the curves 


of Fig. 1 the TPO system was saturated with substrate. 
Induced TPO Formation in Dog—The data in Fig. 4 are presented in 


order to emphasize the point of the preceding section that the duration of 


X-SALINE, INTERMITTENT TO 3.5 HRS. 
TRYPTOPHAN, INTERMITTENT: TO 3.5HRS. 
(TOTAL 4.0GM.) 
© - TRYPTOPHAN, SINGLE DOSE AT OHRS. 
(1.0 GM.) 


nm 
2 


MM KYNURENINE FORMED PER HOUR 
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(HOURS) 


Fic. 4. The time-course of the relationship between L-tryptophan administra- 
tion and the level of TPO activity in dog liver. Each point is the average of determi- 
nations on six or seven animals. 


TPO increase is related to the presence of the inductor. No significance 
can be attributed to the absolute values recorded since the variability for 
each point is too great. However, it was perfectly clear that the time 
at which the curve maxima were obtained was unequivocally different in 
each case, occurring at least 1.5 hours earlier when the tryptophan was 
administered in a single dose. It is consistent with the observations of the 
preceding section that, when tryptophan was administered intermittently, 
enzyme formation continued, the rate falling off after the last injection. 
Comparison with the intravenous studies for the rat shows that both 
the constitutive level of TPO activity and the induced level at 1 hour for 
the single dose were markedly lower for the dog. However, in relative 


' Personal communication from P. P. Cohen, Department of Physiological Chem- 
istry, University of Wisconsin, Madison. 
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terms, in both animals there was an increase of similar proportions, about 


3-fold for the rat and 4.5-fold for the dog. 


DISCUSSION 


The results presented herein must be explainable as arising either from 
the formation of new cells or from the formation of an enzymatically active 
protein. Histological examination of the livers showed them to be normal 
in all respects and virtually devoid of mitotic figures. The time intervals 
involved and the immediate appearance of a fixed rate of enzyme formation 
further argue against cell formation as being a factor. Lastly, the known 
relative inertness of deoxyribonucleic acid is not consistent with a view 
that involves rapid mitotic activity. Consequently, new cell formation 
cannot be regarded as a real possibility in order to explain these data. 

The alternative which fits the present situation is that of enzyme forma- 
tion. Numerous mechanisms accounting for the apparent increase in 
TPO activity can be offered. Firstly, it has been reported that cofactor 
requirements cannot account for the observed results (1, 8). Secondly, 
if the unlikely alternative of enzyme activation is held, then the inhibition 
of TPO formation by ethionine (5) cannot be explained, nor can the ra- 
pidity of enzyme loss after the maximum be understood. In addition, 
it has been observed that further inductor administration at the time of 
the curve maximum results in further TPO formation, amounting to at 
least 3 times the maximal values reported here.2. This would necessitate 
the existence of a large amount of inert zymogen which would be trans- 
formed into the active enzyme only under the most improbable circum- 
stances. Lastly, since the enzyme activity is measured in a homogenate, 
and in view of the nature of the curves for Figs. 1 and 2, cell wall permea- 
bility cannot be invoked to account for the observed results. Conse- 
quently, although the evidence is indirect, the only reasonable interpreta- 
tion at present is that the increase in liver TPO activity occurred through 
synthesis of the enzyme. 

These results reveal a process of enzyme formation which operates at a 
fixed rate and manifests itself almost immediately after administration of 
the inductor load. Furthermore, enzyme formation comes to a halt when 
the inductor excess disappears. It is difficult to imagine this description 
applying to a static (non-turnover) biological system in which protein 
metabolism, aside from cell division, is linked to wear and tear replace- 
ment. If this were so, it would necessitate an immediate addition to the 
usual metabolic functions of the liver; that is, the rapid formation of a 
specific enzyme at a fixed rate in response to the inciting agent. On the 


? Personal communication from I. I. Geschwind, Hormone Research Laboratory, 
University of California, Berkeley. 
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other hand, TPO formation may be linked to protein turnover simply by 
the inductor affecting either the anabolism or catabolism of the TPO mole- 
cule. For instance, inhibition of TPO destruction by substrate protection 
could provide a mechanism for the data presented herein. Mandelstam 
(9) has presented a kinetic analysis of this possibility and, although the 
present results do not provide conclusive evidence relating to the ‘‘mass 
action’”’ hypothesis, they are consistent with certain deductions from it. 


SUMMARY 


The time-course of the increase in the tryptophan peroxidase-oxidase 
activity of rat liver was determined after either the intraperitoneal or in- 
travenous administration of various doses of L-tryptophan. The time 
intervals involved ranged up to 20 hours. 

It has been shown that the rate of enzyme formation was independent 
of the inductor dose, whereas the maximal enzyme level and the time at 
which it was obtained were both linearly related to the amount of adminis- 
tered tryptophan. Furthermore, the cessation of the increase in the liver 
tryptophan peroxidase-oxidase activity could be correlated with the plasma 
tryptophan content return to control values. 

The results have been discussed in relation to the ‘‘turnover’’ concept 
at the protein molecular level. 


The pure pi-kynurenine used for standardization in this investigation 
Was most generously supplied by Dr. W. E. Knox of the New England 
Deaconess Hospital, Boston, Massachusetts. The dog surgery was per- 
formed by Mr. Robert H. Murray and Mr. Walter L. Paschall of the Surgi- 
cal Research Laboratory of this hospital. 
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PURIFICATION AND PROPERTIES OF CALF 
LIVER RIBOKINASE 


By BERNARD W. AGRANOFF anp ROSCOE O. BRADY 


(From the Laboratory of Neurochemistry, National Institute of Neurological Diseases 
and Blindness, National Institutes of Health, United States Public Health 
Service, Bethesda, Maryland) 


(Received for publication, June 24, 1955) 


p-Ribose is a component of virtually all living matter, yet very little is 
known about the metabolism of the free sugar. While the utilization of 
ribose has been observed in cornea (1), brain, and yeast (2), the nature of 
the initial reaction product has been demonstrated only in experiments 
with bacteria grown on ribose-enriched media (3, 4). In the present 
study, an enzyme was isolated from liver which converted p-ribose to 
ribose-5-phosphate in the presence of ATP! and Mgtt. 


Methods and Materials 


Ribokinase activity was determined by the three following techniques: 

Method A—The disappearance of orcinol-reacting material from an ali- 
quot of the incubation mixture was measured after precipitation with bar- 
ium and alcohol (3). The assay mixture contained 1.5 uwmoles each of 
ribose, MgClo, and ATP, and enzyme in 0.1 M potassium phosphate buffer 
at pH 7.0 in a total volume of 1.0 ml. 1 unit of ribokinase activity is 
defined as that amount of enzyme which catalyzes the disappearance of 
1 umole of orcinol-reacting material in 1 hour at 30° under these conditions. 
This procedure was also used for studies with other pentoses. In experi- 
ments with whole tissues and crude extracts, adsorption with Norit A (5) 
was employed to remove nucleosides. In experiments with p-2-deoxy- 
ribose, the diphenylamine reaction (6) was employed. 

Method B—The manometric method of Colowick and Kalckar (7) was 
used. NaHCO; was replaced with KHCQ3. 

Method C—The photometric method of Sols and Crane (8) was modi- 
fied slightly. For substrate specificity determinations, the colorfmeter 
tube contained 5 umoles each of crystalline ATP and MgCls, 500 umoles 
of KCI, 0.003 per cent brom thymol blue, and varying amounts of sub- 
strate in a total volume of 5.0 ml. 0.01 ml. of ribokinase was added and 
the mixture was allowed to equilibrate for 30 seconds. Readings were 


'The following abbreviations are used: adenosine triphosphate, ATP; adenosine 
diphosphate, ADP; cytidine triphosphate, CTP; triethanolamine hydrochloride, 
TEA; deoxyribonucleic acid, DNA; ribonucleic acid, RNA. 
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taken at 0.5, 3, 5, 10, and 15 minutes. Initial reaction rates were extra- 
polated from plots of these values. The reaction mixture was calibrated 
before each set of experiments by means of a micro burette containing 
0.001 m HCl. Care was taken to avoid contamination by atmospheric 

Periodate consumption was measured spectrophotometrically (9), and 
phosphate was determined by the method of Fiske and Subbarow (10). 
The materials used were obtained commercially? or as gifts.’ 


EXPERIMENTAL 


In a preliminary survey, the conversion of ribose-1-C' to CQO, by tis- 
sue slices was determined according to procedures previously described 
(11, 12). Small amounts of CO. were recovered in experiments with 
testis, liver, kidney, brain, and spleen. This finding was regarded as pre- 
sumptive evidence for the phosphorylation of ribose. Further tissue slice 
experiments which demonstrate the disappearance of ribose from the incu- 
bation medium are shown in Table I. The disappearance of ribose from 
homogenates and aqueous extracts of acetone powders of several tissues 
could not be demonstrated because of phosphatase and ATPase activity. 
Alcohol fractionation of a water extract of an acetone powder of rat liver 
yielded a preparation with high ribokinase activity. This fraction, which 
precipitated between 49 and 74 per cent ethanol, contained considerable 
fructokinase activity. An (NH,)2SO, fractionation was performed and the 
material precipitating between 41 and 53 per cent saturation was taken up 
in 0.015 m TEA buffer at pH 7.0 and adsorbed on calcium phosphate gel. 
The material which was eluted with 0.1 m phosphate buffer at pH 7.0 was 
adsorbed on alumina Cy and eluted with 0.1 m phosphate buffer at pH 
7.0. The preparation thus obtained contained 9 units of ribokinase per 
mg. of protein and represented a 112-fold purification over the original 
alcohol fraction. Fructokinase activity was still present in the most 
highly purified material. However, separation of ribokinase and fructo- 


2 ATP was obtained from the Sigma Chemical Company, CTP from the Pabst 
Laboratories, p-ribono-y-lactone from the Bios Laboratories, Inc., p-2-deoxyribose, 
deoxyadenosine, and thymidine from the California Foundation for Biochemical Re- 
search, 5-hydroxypentanal from the Aldrich Chemical Company, p-ribose from the 
Eastman Kodak Company, ribose-1-C™ from the National Bureau of Standards, and 
ribose-5-phosphate, p-glucose, v-fructose, p-galactose, b-arabinose, L-arabinose, 
p-xvlose, L-xylose, p-lyxose, adenosine, and thymidine from the Nutritional Bio- 
chemicals Corporation. 

3 We are indebted to Dr. B. L. Horecker for the p-ribulose, Dr. W. FE. Cohn for 
the ribose-2-phosphate and ribose-3-phosphate, Dr. H. G. Fletcher, Jr., for the 
benzy1-8-p-ribofuranoside and benzy1-8-ribopyranoside, Dr. H. Hiatt for the p-eryth- 
rose, and Dr. N. O. Kaplan for the phosphomonoesterase. 
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kinase activities was readily obtained by alcohol fractionation of an aque- 
ous extract of an acetone powder of calf liver. Subsequent experiments 
revealed that fresh calf liver could be frozen and stored at —12° without 
loss of ribokinase activity and that aqueous extraction could be substituted 
for the acetone powder preparation. 


Purification of Ribokinase 
1400 gm. of fresh chilled or thawed calf liver were added batchwise 
to 2 volumes of 0.05 m potassium phosphate buffer, pH 7.0, and homoge- 


nized for 1 minute in a Waring blendor. The mixture was strained through 
gauze and centrifuged at top speed in a Servall type SS-1 centrifuge 


TABLE I 
Disappearance of Ribose from Incubation Medium 


Tissue A 
pmoles 


250 mg. of rat tissue slices were incubated with 2.5 uwmoles of ribose in 2.5 ml. of 
Krebs-Ringer-bicarbonate buffer at 37° in a Dubnoff shaking apparatus under 95 
per cent O2-5 per cent CO, atmosphere. At the end of 3 hours the incubation mix- 
ture was chilled, centrifuged, and the amount of ribose in the supernatant solution 
was determined by Method A (see the text). In experiments with liver tissue, the 
orcinol color was read at 540 my and 670 my, and a correction was made for the pres- 
ence of glucose. 


(18,000 X g) for 10 minutes. The supernatant solution was fractionated 
by the addition of ethanol at —12°. All other fractionations were per- 
formed at 2°. The fractions precipitating between 0 and 35 per cent, 35 
and 55 per cent, and 55 and 65 per cent ethanol were removed by centrifu- 
gation at 3900 X g for 10 minutes. Fructokinase activity was found in the 
material precipitating between 35 and 55 per cent ethanol and ribokinase 
activity in the 55 to 65 per cent ethanol fraction. The latter precipitate 
was suspended in 200 ml. of 0.2 m phosphate buffer at pH 7.0 and centrifuged 
at 18,000 X g for 10 minutes. The dark red supernatant solution (Frac- 
tion I) was treated with a saturated solution of (NH,)2SO, at pH 5.5. 
The material which precipitated between 40 and 50 per cent saturation 
(Fraction II) was dissolved in 30 ml. of 0.05 m TEA buffer at pH 7.0. Frac- 
tion II was diluted to 230 ml. with cold water and the pH was adjusted to 
6.7 with 0.1 M potassium acetate buffer at pH 4.5. The enzyme was treated 
with calcium phosphate gel (25 mg. per ml.) to give a gel-protein ratio of 
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3.5. The mixture was stirred for 5 minutes, centrifuged at 18,000 X g for 
5 minutes, and the supernatant solution discarded. The precipitate was 
washed with 35 ml. of water, followed by similar quantities of 0.01 mM and 
0.02 m phosphate buffer at pH 7.0. The ribokinase was eluted with 25 
ml. of 0.1 m phosphate buffer at pH 7.0, followed by 10 ml. of the same elu- 
ent. These eluates were combined (Fraction III). A second (NH4,4)2SO, 
fractionation was performed, and the material precipitating between 33 
and 60 per cent (NH,)2SO, saturation (Fraction IV) was taken up in 15 
ml. of 0.05 m TEA buffer at pH 7.0, diluted to 70 ml. with water, and 
treated with alumina Cy (18 mg. per ml.) to give a gel-protein ratio of 2.0. 
The gel was washed with 20 ml. portions of water and 0.01 mM phosphate 
buffer at pH 7.0. Ribokinase was eluted with 20 ml. of 0.1 mM phosphate 


TABLE II 
Purification of Ribokinase from Calf Liver 
Volume | Total | Unite per, 
| mil. 
Original extract 2740 tT 

I Ppt., 55-65% ethanol 190 2280 0.317 
II «40-50% (NH,)2SO, saturation 30 1125 1.96 
III 0.1 m phosphate eluate from Ca;(PO,)2 gel 35 887 4,82 
IV Ppt., 33-60% (NH,)2SO, saturation 15 730 5.60 
V 0.1 m phosphate eluate from Cy gel 40 346 8.66 

VI Ppt., 50-60% (NH,)2SO, saturation 4 202 23.2 


* Defined in the text. 
t Could not be determined because of the presence of phosphatases. 


buffer at pH 7.0, and 20 ml. of 0.1 m phosphate buffer at pH 8.1. These 
eluates were combined (Fraction V), and a third (NH4)eSO, fractionation 
was performed. The material precipitating between 50 and 60 per cent 
saturation (Fraction VI) was dissolved in 4 ml. of water or 0.05 m TEA 
buffer at pH 7.0. Fraction IV retained over 65 per cent of the initial 
ribokinase activity after storage for 2 months at —12°. Table II sum- 
marizes the results of the various purification steps. 


Properties of Ribokinase 


Heat Stability—Enzymatic activity was destroyed by heating at 60° for 
5 minutes. 

pH Opltimum—Maximal rates were obtained between pH 7.1 and 7.8 
(Fig. 1). 

Enzyme Requirements—A 30 per cent inhibition of the maximal rate of 
ribose phosphorylation was obtained by the presence of 0.02 m Nat. No 
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activity was observed in the absence of Mgt+ or ATP, although Mgt+ 
could be replaced by Cot*+ or Mnt+*. Preliminary experiments indicate 
that ATP and Mg*t+t may be replaced by CTP and Mnt+. CTP with 
Mg?** is less effective. 

Substrate Specificity—Pentoses were tested with Methods A, B, and C. 
Only ribose and deoxyribose were phosphorylated. Correlation of Meth- 
ods A and B indicated that 1 equivalent of H*+ was liberated for each 
equivalent of ribose which disappeared. K,, and maximal rate values are 
presented in Table III. The reaction rate with an equimolar mixture of 
ribose and deoxyribose was intermediate for that obtained with the indi- 


© 
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DISAPPEARANCE OF RIBOSE, » MOLES 


5 6 7 8 9 


pH 
Fic. 1. pH optimum of calf liver ribokinase. Assay Method A was used (see the 
text). 0.1 mM potassium phosphate buffer was used for experiments between pH 7 and 
8, 0.1 potassium acetate buffer at pH 5.5, and 0.1 Mm tris(hydroxymethy])amino- 
methane + KCl 0.1 Mm was employed at pH 9.0. 


vidual substrates. No reaction was observed with the following com- 
pounds: p-glucose, D-fructose, D-galactose, p-ribulose, p-ribono-y-lactone, 
ribose-2-phosphate, ribose-3-PO,, 5-hydroxypentanal, benzyl-8-p-ribofur- 
anoside, benzyl-8-p-pyranoside, D-arabinose, L-arabinose, D-xylose, L-xylose, 
D-lyxose, adenosine, thymidine, cytidine, deoxyadenosine, and p-erythrose. 
p-Glucose, D-fructose, D-ribulose, and p-arabinose did not act as inhibitors. 


Product of Ribokinase Reaction 


A ribokinase preparation containing 7.1 mg. of protein, (specific activity, 
3.5 ribokinase units per mg. of protein) was incubated with 45 umoles each 
of ribose, ATP, and Mgt+ for 1 hour at 30° in 30 ml. of 0.1 m phosphate 
buffer at pH 7.0. The cysteine-carbazole test (13, 14) remained negative 
during the incubation, which indicated that neither ribulose nor sedohep- 
tulose was formed. At the end of 1 hour, the mixture was applied directly 
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to a Dowex 1 column in the formate form (15). The reaction product was 
eluted with sodium formate, and a sharp peak of orcinol-positive material 
corresponding to 19 uwmoles of ribose was detected in the same position 
found with authentic ribose-5-phosphate. 


TABLE III 
Michaelis Constants and Relative Maximal Rates 
1 Ribose 2.2 x 10° 1.0 
2 2-Deoxyribose 3.5 X 10°5 1.2 
3 ATP + Mg** | 4x 10°5 


| | 

* Determined graphically from plots of v versus v/s (27) by the photometric 

method (Method C). In Experiments 1 and 2, ATP and Mg** concentrations were 
1X 10-?m. In Experiment 3, the concentration of ribose was 1 X 10° M. 
t Calculated from plots of v versus v/s and also found experimentally. 


TABLE IV 
Identification of Pentose by Paper Electrophoresis 
Pentose Cm. from origin 
Dephosphorylated 15.2 


3 umoles of the reaction product were incubated with prostate phosphomonoes- 
terase in acetate buffer at pH 5.5 at 37° for 1 hour. The mixture was then heated at 
100° for 5 minutes. The supernatant solution was deionized with Amberlite 120 and 
IR-4B and subjected to paper electrophoresis in 0.1 M potassium borate buffer at 
pH 9.2. The potential drop was 8.9 volts per cm.; time, 8 hours at 20°. After 
drying, the paper was developed with aniline-phthalate reagent (20). 


The reaction product was precipitated with barium hydroxide and eth- 
anol. The precipitate was washed with 80 per cent ethanol, dried, and 
dissolved in 0.1 N HCl. A small amount of contaminant having an Emax. 
at 260 mu was removed by adsorption on Norit A. Barium was removed 
with Na2SQO,. 17 umoles of pentose were recovered. 

Inorganic and acid-labile phosphate determinations were negative. 0.95 
umole of organic phosphorus was present per micromole of pentose. The 
rapid rate of color developed with orcinol suggested that the product was 
a pentose-5-phosphate (16). 2.7 umoles of periodate were consumed, and 
0.15 umole of formaldehyde (17) was produced per micromole of product. 
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compared with 2.8 ywmoles of periodate and 0.14 umole of formaldehyde 
observed with authentic ribose-5-phosphate. Theoretically, 1 umole of 
aldopentose-5-phosphate would consume 3.0 umoles of periodate and pro- 
duce no formaldehyde. 

In order to identify the aldopentose, the reaction product was dephos- 
phorylated with phosphomonoesterase (18) and characterized by paper 
electrophoresis of the borate complex (19, 20) (Table IV). 


DISCUSSION 
Calf liver contains an enzyme which catalyzes the reaction: 
Ribose + ATP — ribose-5-phosphate + ADP + Ht 


Since p-2-deoxyribose also serves as a substrate for this enzyme, the forma- 
tion of deoxyribose-5-phosphate is strongly suggested. Phosphoribomu- 
tase (21) and phosphodeoxyribomutase (22) activity have been detected 
in biological systems catalyzing the interconversion of each of the above 
reaction products with its 1-phosphate ester. Since these esters are impli- 
cated in nucleic acid synthesis and degradation (23, 24), the presence of a 
ribokinase together with phosphatase may constitute an enzyme system 
capable of transferring the pentose moiety of DNA or RNA as the free 
sugar. 

The ribose-5-phosphate which is formed in the reaction may be metabo- 
lized by conversion to hexose monophosphate (3) and subsequent degrada- 
tion or by fixation of CO, and formation of phosphoglyceric acid (25, 26). 
Deoxyribose-5-phosphate is degraded to CO, in bacterial systems via 2- 
and 3-carbon fragments (22). 

In the present study it was noted that modifications at carbon 2 of the 


ribose molecule | HCOH ] produce compounds which are inactive with re- 


spect to ribokinase, with the exception of 2-deoxyribose| HCH ]. Noac- 


| | 
tivity could be demonstrated with HOCH , ribulose| C=O or 
| 


ribose-2-phosphate | HCOPO3H:z }. 


Sols and Crane (8) have compared K,, values for brain hexokinase with 
various substrates and found this enzyme highly sensitive to substitution 
or variation of the configuration at all but carbon 2 of the hexose. The 
relative insensitivity of the latter position is indicated by the low K,, val- 
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| | | 
ues for glucose | HCOH ], mannose | HOCH J, fructose | C=O J], 2-deoxy- 


| | 
glucose | HCH ], and N-acetylglucosamine | HCNHCOCH; 
| | 


| 
From studies with ribokinase, it would seem that compounds which dif- 
fer in structure from ribose at carbon 2 fail to react with this enzyme be- 
cause of steric factors. The presence of a hydroxyl group at carbon 3 or 
4, or perhaps both, is necessary for phosphorylation since 5-hydroxypenta- 
nal is not reactive. Since the furanosides and the pyranoside of ribose 
tested did not react, it is suggested that the 1-aldehydo form is necessary 


for phosphorylation. 


SUMMARY 


1. An enzyme which catalyzes the phosphorylation of ribose in the pres- 
ence of ATP and Mg** has been purified 73-fold from a phosphatase-free 


preparation of calf liver. 

2. The product of this reaction has been isolated and identified as ribose- 
5-phosphate. 

3. The K,, for ribose is 2.2 X  p-2-Deoxyribose is also phosphoryl- 
ated by this enzyme and the A,, is 3.5 & 107°. 

4. Rat liver also contains ribokinase activity. However, an associated 
fructokinase activity remained present after 112-fold purification. 
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THE EFFECTS OF ETHIONINE UPON PROTEIN 
METABOLISM IN THE PANCREAS OF RATS* 


By H. SIDRANSKY ann EMMANUEL FARBERT 


(From the Departments of Pathology and Biochemistry, Tulane University 
School of Medicine, New Orleans, Louisiana) 


(Received for publication, July 25, 1955) 


When ethionine is administered to male or female rats, acute pancreatic 
acinar necrosis results (2, 3). The pathogenesis of the pancreatic lesion 
is apparently related to interference with some aspect of methionine me- 
tabolism, since the changes are prevented by the simultaneous administra- 
tion of methionine, but not by the administration of cysteine or choline 
(2). Ethionine decreases the incorporation of amino acids into the pro- 
tein of the liver in vivo (4, 5). It was thus suggested (2) that pancreatic 
necrosis might be attributed to an analogous metabolic alteration. Evi- 
dence for this mode of action of ethionine was offered by Grossman and 
coworkers (6, 7) who studied the effects of ethionine administration upon 
the enzyme activities of the pancreatic juice in dogs. 

The present study was designed to investigate the effects of ethionine 
administration upon protein synthesis in the pancreas of the rat. Three 
different methods were used to study protein metabolism: (a) enzyme re- 
synthesis following depletion by a parasympathomimetic drug, (b) protein 
content of the pancreas, and (c) incorporation of radioactive amino acids 
into pancreatic protein. No inhibition of protein synthesis in the pancreas 
by ethionine could be demonstrated in vivo by any of these techniques. 
On the contrary, evidence was obtained that the protein content of the 
pancreas of ethionine-treated animals was actually increased at 24 hours 
but not at 7 hours. The observations supporting these conclusions are 
the subject of this report. 


EXPERIMENTAL 


White rats of the Wistar strain (Carworth Farms) of both sexes, main- 
tained on Purina dog checkers and weighing from 150 to 250 gm., were 
used. Aqueous pDL-ethionine, containing 25 mg. per ml., was adminis- 


* Supported in part by a research grant from the National Institute of Arthritis 
and Metabolic Diseases of the United States Public Health Service (A-610) and from 
the Life Insurance Medical Research Fund. A preliminary report was presented at 
the 1954 meeting of the Federation of American Societies for Experimental Biology 
at Atlantic City (1). 

t Scholar in Cancer Research of the American Cancer Society, on recommendation 
of the Committee on Growth of the National Research Council (1951-55). 
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tered intraperitoneally to each experimental rat in a total dose of 1 mg. 
per gm. of body weight. Control animals received an equal volume of 
distilled water or saline. For enzyme depletion the long acting acetyl- 
choline analogue, carbamycholine (Doryl, Merck), in aqueous solution was 
administered intramuscularly at a dose of 0.0125 mg. (0.5 ml.). In all ex- 
periments, two or more groups of three animals were used, each of the 
same sex and of approximately the same weight. 

Enzyme Studies—In the 7 hour experiments, food and water were re- 
moved, and carbamylcholine was injected at the beginning of the experi- 
ment (zero time). At 30 and at 90 minutes after zero time, one-half the 
total dose of ethionine or water was administered. The rats were sacri- 
ficed by a blow on the head at 7 hours. 

In the 24 hour experiments, food but not water was removed at zero 
time. At this time and again at 3 hours, the rats received one-half the 
total dose of ethionine or water. At 6.5 hours, carbamylcholine was in- 
jected and water removed. The following morning at 24 hours, the ani- 
mals were sacrificed. In a few experiments, some animals received a sec- 
ond dose of carbamylecholine 1.5 hours before being sacrificed. Methi- 
onine, when used, was injected simultaneously with ethionine in equimolar 
amounts supplemented by an additional injection of one-half molar amounts 
at 10 to 12 hours after zero time. 

In the experiments designed to study the effects of ethionine upon the 
enzyme depletion of the pancreas by carbamylcholine, food was removed 
at zero time. At the same time and 3 hours later, the animals received 
one-half the dose of ethionine or water. At 6.5 hours carbamylcholine was 
injected, and the animals were sacrificed 1.5 hours later. 

The pancreas was rapidly removed in toto, weighed, homogenized in ice- 
cold phosphate buffer, 0.02 mM, pH 7.6, diluted to a final tissue concentra- 
tion of 25 mg. per ml., and stored at —15°. Although the pancreas in the 
rat is more diffuse than in many other species, its color in a bloodless field 
and its consistency allow one to separate it quantitatively from the sur- 
rounding fatty tissue. 

The pancreatic suspensions were analyzed for amylase activity by the 
method of Smith and Roe (8) and for total proteolytic activity by the 
hemoglobin method of Anson (9). For the latter determination, the sus- 
pension was activated by enterokinase (10), partially purified from the 
duodenal and upper jejunal mucosa of the dog (11). In a number of trials, 
no proteolytic activity could be detected in the pancreatic suspensions be- 
fore activation by enterokinase. In several preliminary experiments, 
amylase and proteolytic enzyme activities were found to be proportional 
to the amount of pancreatic tissue used. 

Protein Determination—Protein was determined by the spectrophoto- 
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metric method of Lowry ef al. (12) and by micro-Kjeldahl determination 
(13) on trichloroacetic acid (TCA) precipitates from suitable aliquots of 
the pancreas, washed once each with 4 per cent TCA, 95 per cent ethanol, 
ethanol-ethyl ether mixture (3:1), ethyl ether, and petroleum ether. For 
N determination, the precipitate was digested with H.SO, in the presence 
of mercuric acetate as catalyst (13). Ammonia was determined by ness- 
lerization after removal of some of the Hg by NaS, boiling to remove 
HS, and dilution to volume. For spectrophotometric protein determina- 
tion, the washed TCA precipitate was dissolved in 2.5 N NaOH in a boiling 
water bath (5 minutes) and then diluted with H.O to a final NaOH concen- 
tration of 0.5 N and a final protein concentration of about 150 y per ml. 
1 ml. aliquots were used for the determination. Standards, made from 
washed TCA precipitates of either pancreas or liver with known N con- 
tent, were always employed simultaneously. Acid-soluble nitrogen was 
determined by nesslerization of aliquots of the combined TCA extracts 
after digestion. 

Amino Acid Incorporation—Rats of the same sex, weighing within 10 
gm. of each other, were fasted overnight. At zero time, one-half the dose 
of ethionine or saline was injected. At 1 hour, tracer amounts of the 
radioactive amino acid were administered intraperitoneally. At 2 hours, 
the second half of the dose of ethionine or saline was given, and at 5 hours 
the animals were sacrificed by ether anesthesia. The pancreas was 
weighed, placed in 1 ml. of 10 per cent TCA, and homogenized. ‘The pre- 
cipitate was washed four times with 4 per cent TCA, once each with ace- 
tone, 95 per cent ethanol, warm ethanol-ethyl ether mixture (3:1), ethyl 
ether, and petroleum ether. The dried powder was plated on filter paper 
(Whatman No. 50) and counted in a windowless flow counter to a precision 
of 3 per cent. The quantity of protein in the sample. was determined 
spectrophotometrically after dissolving it in NaOH (see above). The 
counts were corrected to 0 mg. by a self-absorption curve. 

The following radioactive amino acids were used: L-valine! (biologically 
labeled with C), pi-leucine-1-C", L-lysine (biologically labeled with 
and t-methionine-S**, The leucine was purchased from the Isotopes Spe- 
cialties Company Inc., lysine from the Schwarz Laboratories, Inc., and 
methionine from the Abbott Laboratories on allocation from the United 
States Atomic Energy Commission. The quantity of amino acid adminis- 
tered varied from 0.097 to 0.185 mg. and contained from 3.2 * 10° to 
2.3 X 10° measured counts per minute. 

Other Determinations—Nucleic acid was determined in hot TCA extracts 
of lipide-extracted TCA precipitates from aliquots of the pancreas (14). 
Both total P (total nucleic acid P) (15) and pentose (16) were measured. 


1 This was generously provided by Dr. H. Tarver. 
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Total lipide was measured gravimetrically by extracting with chloroform 
an aliquot of the pancreas, ground with anhydrous sodium sulfate, reex- 
tracting the chloroform residue with petroleum ether, and weighing the 
residue after evaporation of the ether. Water and dry weight were deter- 
mined by drying an aliquot of the pancreas at 105° to constant weight. 
Sections of suitably fixed pancreas were examined microscopically. 


Results 


Enzyme Studies—At 7 hours following enzyme depletion by carbamyl- 
choline, amylase and proteolytic enzyme activities were equal in ethionine- 
treated and control rats (Table I). This was true for activities both per 
unit weight of pancreas and per total pancreas per 100 gm. of body weight. 
In contrast, at 24 hours, the ethionine-treated animals showed consistently 
higher activities than did the controls (Table I). It is noteworthy that, 
despite the increased weight of the pancreas in the ethionine-treated ani- 
mals, the enzyme activity per unit weight of the pancreas was significantly 
increased. That this increase was not due to interference by ethionine 
with enzyme depletion by carbamylcholine is indicated in Table II, where 
it is apparent that the enzyme level in the pancreas of ethionine-treated 
rats after administration of carbamylcholine was less than or at most equal 
to that in the controls. 

Increased enzyme activity could be due to either enhanced activation of 
a constant amount of enzyme protein or increased amounts of enzyme pro- 
tein. Since the activities of amylase and total proteolytic activity (trypsin 
and chymotrypsin) are increased and since these enzymes differ in compo- 
sition and the nature of their activators (17, 18), it appeared unlikely that 
the increased activities in the ethionine-treated rats were the result of more 
complete activation. Nevertheless the possible presence of activators in 
the pancreas of ethionine-treated animals or of inhibitors in the controls 
was sought. Pancreatic suspensions prepared from ethionine-treated and 
control animals were mixed together and assayed for amylase and prote- 
olytic activities. The results of a typical experiment are recorded in Table 
III. It is seen that the differences between the expected and actual values 
are small for such determinations and are comparable with the differences 
between the values for the ethionine-treated and control animals (Table 1). 
Thus no activator or inhibitor effect was demonstrable in either prepara- 
tion. 

Amino Acid Incorporation—The results of experiments on the incorpora- 
tion of radioactive amino acids in vivo are in agreement with the enzyme 
findings at 7 hours. When labeled pi-leucine, L-valine, and L-lysine were 
employed, there was no inhibition of amino acid uptake into pancreatic 
protein in any of the animals as determined 5 hours after the first dose of 
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TABLE I 
Enzyme Activity in Pancreas of Ethionine-Treated and Control Rats 
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: Enzyme concentration 
Amylase Proteolytict 
7 (9)t _ 300 30.8 6.53 
+10§ +3.5§ +0 .29§ 
7 (10) + 306|| 6.99]| 
+15 +2.3 +0.62 
24 (16) _ 321 49.2 9.86 
+16 +3.9 +0.39 
24 (15) + 3649 66.74 14.65** 
+12 +5.5 +0.64 


Total enzyme activity 


Amylase Proteolytic 
unils per units per 
pancreas per 100\ pancreas per 100 
gm. body weight | gm. body weight 
x x 1 

9.2 1.95 
+1.0§ +0.09§ 
10.0} 2. 16|| 
+1.0 +0.24 
15.3 3.22 
+1.3 +0.29 
23 .9** 5.51** 
+2.0 +0.30 


* 1 mg. per gm. of body weight (see the text). 

t In this and subsequent tables, this signifies total enterokinase-activated pro- 
teolytic activity. 

t Number of animals in parentheses. 

§ Mean + standard error. 

| P > 0.05 (not significant). 

€ P < 0.05 (significant). 

** P < 0.01 (highly significant). 


ethionine (Table IV). 


In male rats and in females pretreated with testos- 
terone, there was no clear difference between the control and ethionine 


groups. Ethionine-treated female rats not given testosterone accumulated 
TABLE II 
Influence of Ethionine upon Enzyme Depletion of Pancreas by Carbamylcholine* 
Enzyme concentration Total enzyme activity 
No. of | Ethio- Pancreas 
rats ninet weight 
Amylase Proteolytict Amylase Proteolytic 
weight weight X 10-3 body weight K 102 
8 _ 324 + 14 34.2 + 3.5 6.87 +0.8 |} 11.4 + 1.5) 2.17 + 0.35 
9 | + | 323§ + 12) 23.2§ + 4.4) 5.87§ 4 1.7| 7.3] + 1.4 | 1.83§ + 0.49 


* Rats were injected with ethionine or water at zero time and at 3 hours, with 
carbamylcholine at 6.5 hours, and were sacrificed 1.5 hours later. 
mean + standard error of the mean. 

t 1 mg. per gm. of body weight (see the text). 

t Signifies total enterokinase-activated proteolytic activity. 

§ P > 0.05 (not significant). 

| P < 0.01 (highly significant). 


Each value is the 
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Enzyme Activity of Pancreatic Suspensions from Ethionine-Treated and Control 


ETHIONINE AND PANCREATIC PROTEIN 


TABLE III 


Rats Assayed Separately and When Combined 


Amylase Proteolytic activity 
Source of pancreas suspension* 
meg. per cent meg. per cent 
Control Rat 1 0.05 52.4 79.8 1.67 |0.107 0.122 
Kthionine-treated Rat 2 0.05 107. 48.8 1.67 (0.136 43.3 
Control Rat 1 0.025 “| 0.84 
+ + 86.8 | 86.8 + »?10.126 | 0.126 
thionine-treated Rat 2 0.025 0.84 
Control Rat 3 0.05 54.8 75 9 1.67 |0.094 0.113 
Kthionine-treated Rat 4 0.05 97.0 es | 44.6 1.67 0.132 4115 
Control Rat 3 0.025 “| 0.84 
aa -f- 79.4 | 79.4 + }0.126 | 0.126 
Ethionine-treated Rat 4 | 0.025 0.84 


* From ethionine-treated and control animals from a 24 hour experiment (see the 


text). 


Amino Acid Incorporation into Pancreatic Protein in Ethionine-Treated 


TABLE IV 


and Control Rats* 


Specific activity of Per cent 
Group Sex Amino acid administeredt pancreatic difference 
protein from control 
C.p.m. per mg. 
proteint | 
Control M. pL-Leucine 200 + 10 46 
Ethionine 212+ 2 
Control F. " 138 + 22 4.93 
Ethionine 170 + 25 
Control M. L-Valine 179 + 10 43 : 
Ethionine 184 + 13 
Control F. i 145 + 32 4.93 
Ethionine se i 179 + 59 
Control 73 + 13 48 
Ethionine 79 + 19 
Control “8 L-Lysine 41+ 5 410 
Ethionine 4542 5 
* The animals were sacrificed 5 hours after ethionine or saline administration and _ 


4 hours after the administration of the labeled amino acid (see the text). 
t Leucine-1-C"', valine, and lysine biologically labeled with C'™ (see the text). 
t Each value is the mean of the results from three animals + the standard error 


of the mean. 


§ Pretreated with testosterone propionate, 2 mg. per day for 10 days. 
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more radioactivity in the pancreatic protein than did their controls. How- 
ever, in all probability this is not due to an increased rate of amino acid 
incorporation. It has been shown that ethionine inhibits the incorporation 
of amino acids into the liver protein of female rats but not in male rats or 
testosterone-treated females (5). Less uptake by a large organ like the 
liver would be expected to result in a slower rate of disappearance of the 
labeled amino acid from the blood, thus making more of it available for in- 
corporation into other organs like the pancreas. Incomplete studies on 
incorporation in 24 hour experiments showed increased radioactivity in the 
pancreatic protein of ethionine-treated animals, but large changes in liver 


TABLE V 
Protein Content of Pancreas in Ethionine-Treated and Control Rats 
Pancreatic protein (spectrophotometric) Pancreatic protein N (micro-Kjeldahl) 
gm. per 100 gm. mg. per pancreas per| gm. per 100 gm. | mg. 
: pancreas 100 gm. body weight pancreas 100 gm. body weight 
7 (6)t | — | 18.7 + 0.2¢ | 63.3 +4 3.2t | 2.6 +0.2t | 11.7 + 0.9f 
7 (6) + 14.9§ + 0.4 63.0§ + 2.7 2.78 + 0.1 11.48 + 0.7 
24 (11) _ 13.7 + 0.3 51.0 + 2.8 2.5 + 0.1 9.3 + 0.3 
24(12) | + | 16.6] | 79.7] | 3.0] 40.0 | 14.1] + 0.6 


* 1 mg. per gm. of body weight (see the text). 
t Number of animals. 

t Mean + standard error. 

§$ P > 0.05 (not significant). 

| P < 0.01 (highly significant). 


uptake occurred, thus preventing an unequivocal interpretation of the re- 
sults. 

Protein Content of Pancreas—At 7 hours, the values of total pancreatic 
protein and protein N were the same in the ethionine and control groups 
(Table V). However, at 24 hours, the protein and protein N content of 
the pancreas in ethionine-treated animals was significantly greater than in 
controls (Tables V and VII). 

Other Analyses of Pancreas—The pancreas from ethionine-treated rats 
was histologically normal at 7 hours, but at 24 hours there was acinar 
swelling, with loss of basophilia as described previously (2, 3). The pan- 
creas at 24 hours was also heavier than in the controls, and it was of in- 
terest to determine which of the other major constituents of the organ, 
besides protein, accounted for the increment. From Table VI, it is seen 
that there was an increase in both dry weight and water content. The 
mean increase in weight of the pancreas was 104 mg., and dry weight ac- 
counted for over 40 per cent of this increase. Since the dry weight of the 
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TABLE VI 


Dry Weight, Nucleic Acid, and Total Lipide Content of Pancreas of 
Ethionine-Treated and Control Rats* 


Pancreas weight Dry weight Nucleic acid 
Group Dif- Dif- |Ribonucleic acid | . & Total lipide 
fer- fer- | (pentose deter- 
encet encet mination) 


mg. per per mg. per mg. per mg. per mg. per pancreas 
gm. creas per 


Control 328 (8)ft 92 0.89 (8)¢ 1.04 20.9 
+10 +4 +0.01 +0.06 +2.0 

Ethionine | (9) 432§/31.8' (9) 136§ |47.8) (3) | (11) 1.10] | (3) 19.6] 
+20 +6 +0.02 +0 .02 +1.9 


* The animals were sacrificed 24 hours after the beginning of the experiment (see 
the text). 

t Difference between results from ethionine and control groups. 

t Number of animals in parentheses; mean + standard error. 

§ P < 0.01 (highly significant). 


|| P > 0.05 (not significant). 
TABLE VII 
Effect of Methionine or Carbamylcholine Administration upon Composition 
of Pancreas in Ethionine-Treated Rats* 
Pancreatic P 
Pancreas Amylase protein ancreatic Acid- 
G Se t N 
roup x weight activity ( ldahl) soluble N 
weight 100 48 y | 100 gm. body | 100 gm. body | 100 gm. body 
weight X 107% weight weight weight 
Control F. 403 + 30/23.6 + 7.3/54.8 + 4.3°9.6 40.32.7401 
Ethionine + methi- | (387 4+ 12/24.9 + 1.2/51.3 + 3.1) 8.8 + 0.03.0 +03 
onine 
Ethionine 1513 + 21/43.3 4 3.5/86.2 + 3.3)14.2 + 1.3/4.3 + 0.6 
t + car-| 4 44/27.8 4 2.2/48.5 + 2.59.3 + 0.6/4.3 + 0.3 
bamylcholine 
Control M. /371 + 30:29.8 + 2.855.2 + 3.4' 9.7 4 0.7/2.2 + 0.1 
Ethionine + methi- | (391 + 31/35.9 + 3.8'63.3 4+ 6.410.9 + 1.2}2.5 + 0.2 
onine 
Ethionine « 4 2067.2 + 2.5185.5 + 1.3/14.7 + 0.18.9 + 0.5 
t + car- 1431 + 2539.7 + 2.0163.5 + 4.611.0 + 1.4/3.3 + 0.2 
bamyleholine 
* All animals were sacrificed 24 hours after the first dose of ethionine, methionine, 
or saline. Each value is the mean of the results on three animals + the standard 
error of the mean. 
t Received carbamylcholine 1.5 hours before being sacrificed. 
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normal pancreas is from 25 to 30 per cent, there is a proportionately greater 
increase in dry weight than in water in the pancreas of ethionine-treated 
animals. Nucleic acid determination showed no difference between the 
control and ethionine groups either in pentose nucleic acid or total nucleic 
acid phosphorus. This finding is of special interest in view of the decrease 
or loss in cytoplasmic basophilia observed histologically. The total lipide 
per pancreas was found to be the same in both groups. Acid-soluble N 
was significantly elevated in ethionine-treated rats at 24 hours (Table 
VII). The contribution which tissue ethionine makes to this fraction re- 
mains to be determined. 

Reversal by Methionine—Since methionine protects the pancreas against 
the histopathologic changes induced by ethionine (2), it was decided to 
test its effect upon the ethionine-induced chemical changes. From Table 
VII, it is apparent that no significant elevation of amylase, protein con- 
tent, or total acid-soluble N occurred in the pancreas of animals which 
received both ethionine and methionine. Since the amylase and total 
proteolytic activities have paralleled each other in our previous experi- 
ments, in agreement with numerous studies on pancreatic enzyme activity 
(cf. (19)), it is probable that the total proteolytic activity was also not 
elevated in the methionine-ethionine-treated animals. 


DISCUSSION 


The pathologic changes induced in the pancreas by parenteral adminis- 
tration of ethionine fall into at least two discrete stages (2,3). The first, 
a reversible one, is seen in all animals within 12 to 24 hours and is charac- 
terized by swelling of the pancreatic acinar cells and a concomitant de- 
crease in visible cytoplasmic basophilia. The second is seen after 48 to 
72 hours and consists of the irreversible death of many of the acinar cells 
with accompanying acute inflammation. This change is not seen in all 
animals. 

It has been proposed that ethionine, acting as a metabolic antagonist of 
methionine, produces tissue injury by inhibiting protein synthesis (2, 6, 
7). This may well be true for certain lesions in specific organs (5). How- 
ever, under the conditions of the present study it is clear that ethionine 
does not inhibit protein synthesis in the rat pancreas during the first 24 
hours after its administration, even though histologic evidences of cellular 
injury are well developed at this time. Ethionine may interfere with pan- 
creatic protein synthesis at some later stage of the reaction prior to the 
appearance of irreversible degenerative changes, but our results indicate 
that inhibition of protein synthesis in the pancreas is not the earliest or 
primary “‘ biochemical lesion” in pancreatic injury. A derangement of cel- 
lular metabolism cannot be held responsible for initiating a morphologic 
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change unless it can be shown to precede the morphologic change. In 
ethionine-treated rats, histologic evidence of damage to pancreatic acinar 
cells develops during a period when protein synthesis is, if anything, in- 
creased. Thus ethionine must produce these early pathologic lesions 
through some mechanism other than primary inhibition of protein syn- 
thesis. 

Henning and Heinkel (20) reported that the amylase and lipase activi- 
ties in the pancreas of the adult rat are increased and the serum amylase is 
decreased within a few hours after injecting ethionine. On the basis of 
these findings they suggest that ethionine may act by interfering in some 
way with the release of the enzyme from the pancreas. However, they 
indicate in their report that several rats given ethionine died within 5 
hours. In many hundreds of rats of the same weight range receiving the 
same dose of ethionine, we have not observed death at this time interval, 
except in very young animals well below 100 gm. in weight. Smith, Roe, 
and Treadwell (21) suggested that serum amylase in rats may have an 
extrapancreatic origin, since total pancreatectomy had no detectable in- 
fluence upon the level of serum amylase. This finding, as well as our 
results, is difficult to reconcile with the hypothesis proposed by Henning 
and Heinkel. 

The increase in enzyme activity and protein content of the pancreas in 
ethionine-treated rats was the reverse of what we expected to find when 
these experiments were planned. Several possible explanations were con- 
sidered. (1) The first and least likely was the local accumulation of pro- 
tein from the blood, as in inflammatory edema. This explanation is not 
compatible with the observed increase in enzyme activity and the histologic 
absence of edema or inflammation. Nevertheless, the following experi- 
ment was performed to test this hypothesis. The plasma proteins of 
several donor rats were labeled by the intraperitoneal administration of 
S*5_labeled L-methionine, and the plasma was collected about 24 hours 
later. Equal aliquots of the pooled undialyzed plasma were injected intra- 
venously into other rats that had received ethionine or saline 7 hours pre- 
viously. The rats were sacrificed 17 hours after the administration of the 
plasma, and the specific activities of the pancreatic protein, as well as of 
the plasma and liver protein, were determined, along with the total protein 
in the pancreas. Even if it were assumed that all the radioactivity in the 
donor plasma was in the protein, only about 20 per cent at most of the 
increase in protein content of the pancreas in the ethionine-treated rats 
could be accounted for as protein taken from the blood.? This calculation 
ignored the decreased uptake of radioactivity into the liver in the ethionine 
group, a factor which would tend to increase the blood contribution to the 


? Farber, E., unpublished results. 
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pancreatic protein. (2) A second possibility to be considered was that 
some obstruction of or other interference with the normal discharge of 
enzymes from the pancreas in ethionine-treated animals might have re- 
sulted in their accumulation in the pancreas. To test this, animals were 
injected with carbamylcholine about 22 hours after first receiving ethionine 
and 1.5 hours before being sacrificed. ‘The enzyme and protein determi- 
nations on this group, as well as on a group receiving no carbamylcholine 
before sacrifice, are recorded in Table VII. A large decrease in amylase 
activity and in protein content occurred after carbamylcholine, thus making 
it unlikely that mechanical obstruction, sufficient to account for the ob- 
served increments, occurs in the ethionine-treated animals. (3) The third 
possibility, namely that ethionine in some unexplained fashion allows the 
pancreatic acinar cells to synthesize more protein, is now under investiga- 
tion. 

It is worth noting that, in this study, a correlation between enzyme 
“content”? and protein content of the pancreas has been consistently 
observed. Increases in enzyme activity were regularly associated with 
increased total pancreatic protein. Preliminary results indicate that a 
similar correlation may also occur in normal rats after injection with car- 
bamylcholine.? Daly and Mirsky (22) have reported, to the contrary, that 
no change in pancreatic protein content could be found after enzyme deple- 
tion of the mouse pancreas by pilocarpine. 

Although loss of visible cytoplasmic basophilia is regularly seen in the 
pancreas 24 hours after ethionine administration to rats (2, 3), the present 
study has shown that this is not accompanied by a corresponding decrease 
in ribonucleic acid content of the pancreas. In normal cells, a correlation 
between the ribonucleic acid level and the degree of cytoplasmic basophilia 
has been repeatedly observed (cf. (23, 24)). However, this correlation ap- 
parently breaks down under some pathologic conditions, as shown in this 
study of the pancreas and in a previous study of the liver (25). 

The results of this investigation are not in conflict with the concept that 
ethionine acts on the pancreas by interfering with some metabolic function 
of methionine. Not only does methionine prevent the appearance of the 
histologic changes (2), but it also protects against the rise in amylase ac- 
tivity, protein content, and acid-soluble N in animals treated with ethio- 
nine. However, our results suggest that ethionine does not induce the same 
metabolic changes in the pancreas as in the liver. In the liver, inhibition 
of amino acid incorporation is observed in female rats within 5 hours after 
the injection of ethionine (4, 5), whereas no such inhibition could be found 
in the pancreas. Whether these differences indicate a different mode of 


* Farber, E., and Sidransky, H., unpublished results. 
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action of ethionine in the two organs or whether they are reflections of 
different metabolic réles of methionine in the liver and in the pancreas re- 
mains to be determined. 


SUMMARY 


1. The effects of ethionine administration upon protein synthesis in vivo 
in the pancreas of rats were investigated by three different methods: (1) 
enzyme resynthesis following depletion by carbamylcholine, (2) protein 
content of the pancreas, and (3) extent of incorporation of radioactive 


amino acids into pancreatic protein. 
2. No inhibition of protein synthesis was found in ethionine-treated rats 


at 7 or 24 hours. 

3. At 24 hours the pancreas of ethionine-treated rats contained signifi- 
cantly more protein, amylase and total proteolytic enzyme activities, and 
acid-soluble N than did the controls. Simultaneous administration of 
methionine prevented these changes. The increment in protein could not 
be accounted for by a local accumulation of protein from the blood. The 
increments in amylase activity and total protein were shown not to be due 
to obstruction or other interference with their discharge from the pancreas. 

4. The pentose nucleic acid P, total nucleic acid P, and total lipide of 
the pancreas were unaffected by ethionine administration. 

5. A correlation between enzyme activity in the rat pancreas (amylase, 
total proteolytic) and total protein content has been observed in this study. 
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ACETYL CHYMOTRYPSIN AND ITS REACTION WITH 
ETHANOL* 


By A. K. BALLS anp HENRY N. WOOD 


(From the Department of Biochemistry, Purdue University, Lafayette, Indiana) 
(Received for publication, August 5, 1955) 


A short report has recently been made (1) concerning the preparation of 
an acetyl derivative of chymotrypsin containing a single acetyl group of 
relatively high reactivity. The reaction, which may be carried out by 
any of several nitrophenyl acetates, begins with a rapid initial liberation 
of the free nitrophenol in practically mole for mole proportions to the 
total chymotrypsin present. Thereafter a slow but continuous breakdown 
of the acetate takes place at a speed approximately proportional for some 
time to the concentration of enzyme present. This behavior of chymo- 
trypsin was first noted by Hartley and Kilby (2), who concluded from their 
study that a monoacetylated chymotrypsin was rapidly formed and less 
rapidly decomposed. 

Chymotrypsin is known to be unusually resistant to acid, and in re- 
peating this reaction we observed that the initial “burst” of free nitro- 
phenol still occurred at pH levels at which the subsequent breakdown was 
so slow as to be nearly negligible. This observation naturally suggested 
that the intermediate could perhaps be isolated, and subsequent trial 
proved that this was indeed the case. 

In their reaction with chymotrypsin, the nitrophenyl acetates resemble 
phosphorylating agents such as diisopropy! fluorophosphate and analogous 
substances (3) in that the reaction is mole for mole, leads to an inhibited 
end-product, and does not occur, under comparable conditions, with chymo- 
trypsinogen, denatured chymotrypsin, or phosphoryl chymotrypsin. The 
acetylated enzyme differs from the phosphorylated enzyme, however, in 
being easily decomposed, for example by dialysis against water. Decom- 
position in dilute alkali (pH 7 to 8) is almost immediate, and the activity 
of the previously inhibited enzyme is recovered quantitatively. 

The present paper reports some of the methods employed in this work 
as modified by recent experience. Moreover, it has been observed that 
acetyl chymotrypsin is able to acetylate OH groups, and the acetylation 
of ethanol has been especially studied. 


* Journal Paper No. 902 of the Purdue University Agricultural Experiment Sta- 
tion, Lafayette, Indiana. 
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Materials and Methods 


Chymotrypsin—Chymotrypsin was prepared in the usual way (4) from 
six times crystallized chymotrypsinogen, and was itself crystallized at least 
twice thereafter. Since the activity of chymotrypsin is not affected by 
high concentrations of hydroxylamine, the solutions of the crystalline en- 
zyme were made approximately 0.1 M with hydroxylamine at pH 6.5, then 
dialyzed in the presence of toluene for 24 hours against distilled water, 
filtered, and dried in vacuo while in the frozen state (lyophilized). This 
treatment with hydroxylamine was carried out because considerable stress 
is subsequently laid on the behavior of the acetylated enzyme with hy- 
droxylamine. 

Chymotryptic activity was assayed by the method of titration at con- 
stant pH (5), but in a semimicro apparatus at 25-27°, with tyrosine ethyl 
ester (0.025 mM) as substrate at pH 6.2. 

Preparation of Acetyl Chymotrypsin—The method described here is some- 
what more convenient than that previously used, but it seems likely that 
many variations of the same general scheme lead to the desired result. In 
this case, 1.25 gm. (50 umoles) of chymotrypsin were dissolved in 100 ml. 
of water, and the solution was adjusted to pH 5.0. Then 10.0 ml. of 
0.125 m o-nitropheny! acetate solution in acetone were added. The tip of 
the delivery pipette was held beneath the surface of the enzyme solution 
and served also as a stirring rod. No precipitate formed. After } hour 
at room temperature, an observation with the colorimeter indicated that 
about 60 ywmoles of free nitrophenol had formed. The reaction was al- 
lowed to proceed 30 minutes longer, when a total of about 75 umoles of 
free nitrophenol was found. The solution was then cooled to 5° in an ice 
bath, brought to pH 3.8 with dilute HCl, and extracted six times with 50 
ml. portions of cold ethyl ether. Following the extraction, about 0.25 gm. 
of decolorizing charcoal (Darco) suspended in 3 ml. of water was stirred 
in and filtered again after about 5 minutes. A rapid filter was used. The 
charcoal had been previously washed with 2 Nn HCl and then with consider- 
able water. The adsorption with charcoal was made three times, although 
some of the filtrate from the second adsorption showed no yellow tinge 
when made strongly alkaline. The solution was then centrifuged at about 
2000 X g for 20 minutes at 5° to remove traces of charcoal and other 
débris and was thereafter frozen at once and lyophilized. The residue 
weighed 600 mg. Most of the loss appears to be owing to the unusually 
fluffy character of the protein. The product was white and entirely soluble 
in water. 25 mg. gave no detectable yellow color when dissolved in 10 
ml. of alkaline hydroxylamine solution. 

Nitrophenyl Acetates—o-Nitropheny] acetate was a commercial product 
recrystallized from dilute alcohol. It melted at 40-41°. p-Nitrophenyl 
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acetate and 2,4-dinitrophenyl acetate were made by causing acetic an- 
hydride to react in pyridine with the appropriate phenol. The reaction 
mixture was poured onto ice in dilute acetic acid and the solid was filtered 
out, washed with water, and dried in air. The p-nitro compound was 
crystallized from dilute alcohol and the 2,4-dinitrophenyl acetate from 
petroleum ether. They melted at 80-81° and 61-63°, respectively. 

Hydroxamic Acid Test—This was essentially the test described by Hes- 
trin (6), but the details were modified to suit our particular purposes. A 
convenient quantity of 2 m hydroxylamine hydrochloride was brought to 
the desired pH by the addition of 3.4 N NaOH. 4 ml. of this solution were 
mixed with 3.0 ml. of water (or ethanol on occasion) containing the ma- 
terial to be tested. The mixture was allowed to stand for 10 minutes at 
room temperature (except that for levels above pH 11, the exposure time 
was only 5 minutes). The following reagents were then added in sequence, 
the solution being agitated after each addition: 4.0 ml. of 5 per cent tri- 
chloroacetic acid in water, 1.0 ml. of hydrochloric acid of such strength that 
the final pH of the system would be between 0.9 and 1.1, and 3.0 ml. of 
10 per cent ferric chloride dissolved in 0.1 N HCl. After the addition of 
ferric chloride the solution was filtered, if necessary, through a fairly close 
(initially dry) paper into a colorimeter tube. This required about 5 min- 
utes. The optical density of the solution was then read at once at 540 
mu. When filtration was unnecessary, about the same time interval was 
allowed before reading the colorimeter. 

This technique was standardized with known amounts of p-nitropheny] 
acetate, which was treated with hydroxylamine for 10 minutes at pH 6.5. 
The results appear in Fig. 1 for p-nitrophenyl] acetate alone and also in the 
presence of 25 mg. of chymotrypsin (the quantity we have usually em- 
ployed). In the latter case the color observed was denser and increased 
with the amount of acetate. The observations were duplicated several 
weeks later with another preparation of chymotrypsin. It is believed that 
this standardization is valid because ethyl acetate, which does not react 
at all at pH 6.5, gave practically the same curve when treated at pH > 
11.6, and a sample of acetylated chymotrypsin showed the same acetyl 
content, as read from this curve, over a wide pH range. 


EXPERIMENTAL 


Liberation of Acid—When chymotrypsin was allowed to react with o- 
or p-nitrophenyl acetate, no sudden liberation of acid took place corre- 
sponding to the rapid initial formation of nitrophenol. 25 mg. (1 umole) 
of chymotrypsin was dissolved in 5 ml. of water, without buffer, then 
brought to the desired pH in a titration cell like that used for the semi- 
micro estimation of esterolytic activity and treated with 12.5 ywmoles of 


n 
st 
y 
l- 
n 
r, 
1s 
| 
e. 
at 
n 
of | 
of 
ir 
at i 
of | 
ce 
PQ 
ne 
ut 
ue 
ly 
le | 
10 
ict 
yl 


248 ACETYL CHYMOTRYPSIN 


acetate dissolved in 50 ul. of ethanol. At pH 5.0, with o-nitrophenyl ace- 
tate, practically no titratable acid was liberated in 10 minutes, although 
under the same conditions nearly 1 wmole of nitrophenol is formed. With 
p-nitrophenyl! acetate at pH 6.2, 0.6 weq. of titratable acid and 1.6 ywmoles 
of nitrophenol were formed in 10 minutes. Obviously, no great accuracy 
attaches to these titrations. 

When 25 mg. of acetyl chymotrypsin were dissolved in water and quickly 
adjusted to pH 7.2, the titratable acid liberated in 10 minutes was about 
1.5 peq. However, chymotrypsin itself liberated about 0.5 equivalent of 
acid per mole under the same conditions. Some autolysis of the active 
enzyme occurred which did not take place when the enzyme was inhibited 


OPTICAL DENSITY 


2 2 
MICROMOLES /~NO, PHENYL ACETATE 


Fig. 1. Calibration curves used in estimation of acethydroxamic acid. p-Nitro- 
pheny! acetate alone, X; same, with 25 mg. of chymotrypsin present, @; ethyl ace- 
tate alone, O at pH 11.7. 


by the presence of an excess of nitropheny]l acetate. It may be noted that 
the rate at which acetyl chymotrypsin is reactivated and that at which 
titratable acid is liberated are about the same. Thus the acetic acid which 
was not liberated in the initial decomposition of the nitrophenyl acetate 
appears when the acetylated protein produced by the first reaction is re- 
activated to chymotrypsin. 

Chymotryptic Activity of Acetyl Chymotrypsin—Data have already been 
presented which show that, when the acetylated protein is introduced into 


a buffer at pH 6.2, its activity is practically nil but that in the course of a_ 


few minutes a reactivation (not autocatalytic) occurs, until the entire ac- 
tivity of the original chymotrypsin is obtained (1). The extent to which 
preparations of acetyl chymotrypsin may be reactivated has therefore been 
measured conveniently by exposing them for 10 minutes in solution at 
pH 7.2 to 7.5. The inactivity and reactivation of acetyl chymotrypsin 
are not, however, confined to esterolysis. The material is also initially 
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inactive in milk clotting, as indicated in Fig. 2, but rapidly regains activity 
during the time required for the assay. Thus the specific milk-clotting 
activity (1/t * 1/(mg. of protein)) was only 0.62 when 1.0 mg. of acetyl 
chymotrypsin was used, but rose to 1.7 with 0.25 mg. because of the longer 
time required for clotting to take place. 


/ 
12+ 
| ‘ 
= 0.6+ 
04+ 
02 04 06 06 
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Fig. 2. Milk-clotting activity of acetyl chymotrypsin. The medium was pas- 
teurized skimmed milk (pH 6.4) plus 10 ml. of m CaCl, per liter. 10 ml. of the me- 
dium at 40° were mixed with 1 ml. of test solution (immediately after dissolving the 
acetylated enzyme therein). All measurements were made within 2 hours on the 
same sample of milk, which had meanwhile been kept cold. It is well known that 
the enzymatic clotting time is inversely proportional to the dose of active enzyme. 
The slope of the lowest curve (@) indicates that the longer the clotting time, the 
more active the initially inhibited enzyme was found to be, indicating its reactiva- 
tion (1). The slope of the highest curve (O) shows the activity of the original 
chymotrypsin, that of the middle curve (X) the activity of the inhibited (acetylated) 
enzyme after standing for 12 to 20 minutes at pH 7.2 to be reactivated. 


Reaction with Hydroxylamine—The introduction of a labile acetyl group 
into chymotrypsin should also be evident by the formation of acethydrox- 
amic acid with hydroxylamine, moreover, at pH levels below the alkaline 
range. It was found that, if a fresh preparation of acetyl chymotrypsin 
reacted with hydroxylamine at pH 6.4, approximately 1 mole of hydrox- 
amic acid was formed per 25,000 gm. of protein, corresponding to one 
acetyl] group per molecule of chymotrypsin. The extent of the reaction 
at various pH levels' was measured by adding 25 mg. portions of the 
solid protein to 7.0 ml. of dilute hydroxylamine at the appropriate pH and 


'The authors are indebted to Dr. Fritz Lipmann for suggesting this experiment. 
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proceeding as outlined above. The results are given in Table I. It is 
evident that the acid group attached to chymotrypsin reacts completely 
under these conditions at pH 5.5. Acetyl chymotrypsin thus appears to 
be a substance of fairly high potential, and a transfer of the acetyl group 
to substances other than water should not be unexpected. 

Transfer of Acetyl Group—It was then observed that ethanol greatly ac- 
celerated the liberation of nitrophenol from nitropheny! acetates by chymo- 
trypsin. The initial “burst” of nitrophenol was not affected, however. 
Moreover, little or no titratable acid was produced in the presence of 
ethanol (20 per cent), even when the amount of nitrophenol formed greatly 
exceeded that liberated by the initial reaction between nitropheny! acetate 
and enzyme. ‘This acceleration of the formation of nitrophenol is shown 
in Fig. 3. The amount of chymotrypsin used was not large enough to 


TABLE I 


Yield of Hydroramic Acid from 25 Mq. of Acetyl Chymotrypsin on 
10 Minute Exposure at Various pH Levels 


pH Hydroxamic acid 


moles per mole 


5.00 0.42 
5.50 1.05 
6.08 1.10 
6.47 0.93 
11.7 1.00 


produce a marked “‘burst”’ at the start. A surprisingly high concentration 
of alcohol is tolerated by this system; yet it may be noted that much smaller 
quantities produce a marked effect on the speed of the reaction. The ac- 
celeration is also pH-dependent, being much less at pH 5 than at pH 6. 

This finding is most readily explained on the assumption that acetyl 
chymotrypsin transfers its acetyl group to ethanol, thus completing the 
catalytic breakdown of nitropheny! acetate. If the assumption is correct, 
ethyl acetate should be found in the system. It therefore became neces- 
sary to find some means of measuring micromolar quantities of ethyl ace- 
tate in such reaction mixtures. The method which has been employed 
leaves much to be desired, but we believe the conclusion is justified that 
acetyl is transferred to ethanol. 

Approximate Measurement of Ethyl Acetate—Ethy] acetate has a slightly 
lower boiling point than ethanol. It was thought that, by diluting the 
aqueous system largely with ethanol and then distilling about half of the 
now strongly alcoholic solution, a fairly large proportion of the ethyl ace- 
tate might be found in the distillate. This proved to be the case. (Dis- 
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tillation with water caused complete hydrolysis of the small quantities of 
ethyl acetate which we were seeking.) It was also found that the ester 
could be determined with fair accuracy by the hydroxamic acid test, pro- 
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Fic. 3. The rate of formation of o-nitrophenol from its acetate by chymotrypsin 
at various concentrations of ethanol (as stated on the diagram). The system con- 
tained 25 wmoles of nitrophenyl acetate, 2.5 mg. of chymotrypsin, phosphate buffer 
(0.08 m, pH 6.2), and ethanol to make a total volume of 10 ml. 


TABLE II 
Recovery of Ethyl Acetate from Known Mixtures with Alcohol and Buffer 


Volume of system 10 ml., as described. All the quantities are recorded in micro- 
moles. 


Taken Found 
Fraction 1 Fraction 2 Fraction 3 Total Total less blank 
None 0.8 0.8 0.6 2.2 
15.0 7.5 4.6 3.2 15.3 13.1 
30.0 12.0 7.5 5.3* 24.8 22.6 
90.0 41.6 28.5 9.OT 79.1 76.9 


* A fourth fraction contained 5.8 wmoles (uncorrected for blank). 
t A fourth fraction contained 4.6 wmoles (uncorrected for blank). 


vided that the pH of the reaction with hydroxylamine was >11.6. (At 
pH 10, practically no reaction occurs, thus affording a convenient distinc- 
tion between ethyl acetate and the nitrophenyl acetates or acetyl chymo- 
trypsin.) We therefore believe that the following procedure is able to give 
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a reasonable approximation, rather than a quantitative determination, of 
ethyl acetate in systems such as those which presently concern us. 


TaB_Le III 


Recovery of Ethyl Acetate from Systems Containing p-Nitrophenyl Acetate, 
Chymotrypsin, Alcohol, and Buffer 


Ethyl acetate found 
p-Nitro- 
Chymotrypsin phenyl Time 
—— Fraction 1 | Fraction 2 | Fraction 3 Total “oe 
mg. pmoles Ars. pmoles pmoles pmoles pumoles pmoles 
None 125* 2.8 6.0 8.3 9.5 23.8 21.6 
25 125* 2.8 45.0 26.7 14.8 86.5 84.3 
None 50 7.5 5.3T 5.5T 11.4 9.2 
30 50 8.0 48 28 .5T 12.7T 89.2 87.0 


* A precipitate formed. 
t Hydroxylamine at pH 6.5 gave a negative hydroxamic acid test which showed 


the absence of nitropheny! acetate in the distillate. 


TABLE IV 


Recovery of Ethyl Acetate from Miatures of p-Nitrophenyl Acetate, Alcohol, 
Buffer, and Chymotrypsin in Semimicro Quantities 


Volume of system, 2.0 ml. 


Ethyl acetate found, in 
Fraction 1 Fraction 2 Total yg 

pmoles meg. hrs. 
5.0 5.0 0.7 1.8* 1.2 3.0 2.2 
2.8 3.0* 0.7 3.7 3.4 
20.0 3.0* 1.3 4.3 4.0 
5.0 None 1.0 0.5 0.5 1.0 0.7 
t 1.4 0.5 0.5 1.0 0.7 
20.5 1.1* 0.9 2.0 1.7 
50t 4.0 20 10.5* 4.0* 14.5 14.2 
50t None 20 3.5* 2.9* 6.4 6.1 


* Hydroxamic acid formation was also tested at pH 6.5 on 1.0 ml. of the distillate 
(the same aliquot as used in the determinations above) with negative results, thus 
indicating that no detectable nitropheny! acetate had been distilled. 

t 5.0 mg. of chymotrypsin added after the final dilution with alcohol (just before 


distillation). 
t A precipitate formed in this system. 


The medium consisted of 8.0 ml. of 0.08 m phosphate, pH 6.2, and 2.0 ml. 
of ethanol. In this, p-nitropheny] acetate, chymotrypsin, known amounts 
of ethyl acetate or mixtures of these were incorporated as the occasion 
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required. After the desired incubation time at room temperature (28-31°), 
52 ml. of ethanol were added, and the mixture was distilled from an or- 
dinary flask with an outlet at the top at the rate of about 1 ml. per minute. 


TABLE V 
Formation of Ethyl Acetate by Alcohol and Acetyl Chymotrypsin 
Volume of system, 2 ml. 


Ethyl acetate formed 


system at 28- 
30°) | Frac- | Frac- | poray — 
tion 1 | tion 2 blank 


min. | umoles | umoles | umoles | umoles 


Tests (1) 50 mg. (2 umoles) acetyl chymo- 
trypsin* in 2 ml. 20% alcohol, 80% 

50 | 0.68 | 0.42} 1.1 | 0.8 
(2) 75 mg. (3 umoles) acetyl chymo- 

trypsin (as above)................. 50 | 1.03 | 0.43 | 1.5 | 1.2 


(3) 75 mg. acetyl chymotrypsin added 
(as solid) to 10 ml. ethanol + 1.6 
ml. buffer; distillation commenced 

(4) Same as (3) above, but incu- 
bated at 30° for 45 min.; then fil- 
tered before distillation............ 45 | 0.87 | 0.42) 1.3 | 1.0 

(5) Same as (2) above, except that 
protein was filtered out after dilu- 
tion with ethanol and before dis- 


45 | 0.90 | 0.50; 1.4 1.1 
Blanks Alcohol buffer only (blank).......... 0 | 0.17 | 0.12; 0.3 
Same + 50 mg. chymotrypsin........ 50 | 0.17 | 0.12 | 0.3 | 0.0 
5 ‘6 + 5.0 hrs. 
umoles acetic acidf................ 20 | 0.25 0.25 0.5 | 0.2 
Controls | Aleohol-buffer + 0.75 umole ethyl | min. 
0 | 0.55 | 0.23 | 0.8 | 0.5 
Same + 1.50 umoles ethyl acetate....| O | 1.07 | 0.47f) 1.5 | 1.2 


* The preparation was only a few hours old; it gave a hydroxamic acid value cor- 
responding to 1.0 umole of hydroxamice acid per 25 mg. of protein. 

t Seems to eliminate as an important factor the automatic esterification of ethanol 
by any acetic acid liberated from acetyl chymotrypsin as such. 

t A third fraction (3 ml.) gave 0.18 umole of ester. 


Three fractions of 10 ml. each were collected and analyzed separately. 
1 ml. of each fraction plus 2 ml. of water was ordinarily used, unless it 
was suspected that the amount of ester would be small, when 3 ml. of 
the alcoholic distillate were employed in the reaction. When any quantity 
of ester was found, the hydroxylamine test was repeated at pH 6.5 on 
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another aliquot to make sure that no measurable nitrophenyl acetate had 
been carried over into the distillate. So far these tests have been negative. 

The results of the foregoing method appear in Tables II and III, pre- 
senting respectively the recovery of known amounts of ethyl acetate and 
the quantities of ester obtained from systems containing nitrophenyl ace- 
tate and chymotrypsin. These results show the formation of considerable 
ethyl acetate, and also suggest that some of it may be formed during the 
distillation. This quantity should be the same, however, whether enzyme 
is present or not. The much larger yield (3- to 9-fold) from systems that 
contained chymotrypsin indicates that the enzyme was in fact involved to 
some degree in the formation of ethyl acetate. 


TABLE VI 
Disappearance of Reactive Acetyl and Appearance of Less Reactive Ester* 
The values are given in micromoles of ester per 25 mg. of protein. 


Time pH 6.5 pH 11.7 
min. 

0 0.9 1.1 
10 0.6 1.0 
50 0.5 1.1 


* The system consisted of 25 mg. of acetyl chymotrypsin added as a solid to 2 ml. 
of 20 per cent ethanol and 80 per cent 0.08 m phosphate buffer (pH 6.2). The enzyme 
was, of course, mixed with the appropriate hydroxylamine solution without further 


dilution. 


The involvement of the enzyme can, however, be unequivocally shown 
by the recovery of ethyl acetate from a system in which acetyl chymo- 
trypsin replaced nitrophenyl acetate. In order to save material, distilla- 
tions were made on 2 ml. samples composed, as before, of 20 per cent 
ethanol and 80 per cent buffer (0.08 m phosphate, pH 6.2).2 These were 
diluted to 12 ml. with ethanol and distilled at the rate of about 0.4 ml. 
per minute to give two fractions of 3 ml. each, which were handled as be- 
fore. <A repetition of the formation of ethyl acetate by chymotrypsin and 
p-nitrophenyl! acetate is presented in Table IV because observations were 
made at several time intervals, from which it appears that the enzymatic 
formation of ethyl acetate is relatively faster at the beginning of the reac- 
tion than is its non-enzymatic formation. 

2 The pH given is that of the buffer employed, as determined with a glass electrode. 
The pH of the alcohol-buffer mixture was 6.5. When 25 mg. of acetyl chymotrypsin 
were added to 2 ml. of the alcoholic buffer, the resulting pH was 6.4. If the readings 
in the presence of alcohol are valid, one should expect a slightly faster turnover of 
acetyl than in the aqueous buffer. 
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The formation of ethyl acetate by acetyl chymotrypsin and ethanol is 
presented in Table V. The quantities actually recovered amounted to a 
third or more of what was theoretically possible, and the recovery is likely 
to have been incomplete. From the control experiments it is apparent 
that much less than 1 umole of ethyl acetate could be detected. More- 
over, if acetyl chymotrypsin were to form free acetic acid in this system 
(as it would in water), the trace of acetic acid so formed would not be suffi- 
cient to cause any notable formation of ethyl acetate. It appears, there- 
fore, that ethanol may be acetylated by acetyl chymotrypsin. 

The data of Table V clearly indicate that acetyl transfer takes place in 
strong ethanol solutions (about 85 per cent), but they do not show whether 
the reaction occurs in dilute ethanol or not. The evidence that it does 
occur in dilute alcohol is indirect. Advantage was taken of the fact that 
acetyl chymotrypsin, but not ethyl acetate, reacts with hydroxylamine at 
pH 6.5. The sum of the two esters (Table VI), as determined with hy- 
droxylamine at pH >11.6, remained fairly constant for 50 minutes, while 
the more reactive ester (acetyl chymotrypsin) decreased to nearly half its 
original amount. This indicates the formation of a less reactive ester, as- 
sumed to be ethyl acetate, in the dilute ethanol system. The breakdown 
of the acetylated enzyme, however, seems to be slow compared to its be- 
havior in aqueous media, and this feature is being studied further. 


DISCUSSION 


While the transfer of acetyl from chymotrypsin to an (OH) group is of 
interest because of the properties of this enzyme protein and, by inference, 
of other enzyme proteins, an obvious query is whether there is any physio- 
logical significance attached to it. It seems likely that, instead of chymo- 
trypsin itself, some other enzyme of similar properties would be involved 
in a tissue reaction, for chymotrypsin is not known to occur in tissues, 
whereas enzymes of similar general specificity do occur (7). There is then 
a further question as to whether such a transfer of acetyl would require 
another catalyst, as is the case with other acetyl transfers now known, or 
would take place after the manner of a hydrogen transfer in which the 
enzyme serves as a receptor for two distinct substances (8); in other words, 
does a tissue counterpart of acetyl chymotrypsin act merely as a reagent 
or as a catalyst as well. 

In the experiments reported here, acetyl chymotrypsin appears to be- 
have on the whole like an ordinary acetylating agent, in that it readily 
acetylates hydroxyl, whether in water or ethanol, with the latter at such 
high concentrations (about 85 per cent) that any catalytic effect of the 
protein seems out of the question (Table V). Yet the behavior of dilute 
solutions of ethanol (Fig. 3) suggests some specific preference of acetyl 
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chymotrypsin for the alcohol as compared with water. The fact that only 
a few substances such as ethanol, propanol, and monoacetin have as yet 
been found to accelerate the liberation of nitrophenol by chymotrypsin 
also supports the notion of a special rather than a nondescript contact 
between enzyme and acetyl acceptor.’ In fact, ethanol in the present re- 
action behaves like a cosubstrate in the terminology of Behrens and Berg- 
mann (9). 

The rapidity with which ethanol accepts acetyl from acetyl chymo- 
trypsin naturally brings up the old question of the use of solvents in pro- 
teolytic systems. Seemingly, the addition of alcohol to the medium has 
the effect. of inhibition, although warnings of possible transfer reactions 
have indeed been given (10). The present instance came to our attention 
only because the transfer reaction exceeded the expected inhibition by a 
notable margin. One need not assume chymotrypsin or nitrophenyl ace- 
tate to be unique in this respect; the reverse is much more probable. 


SUMMARY 


The preparation of a monoacety! derivative of chymotrypsin is described. 
The substance is inert as an enzyme but is rapidly and quantitatively 
reactivated to chymotrypsin in neutral or alkaline solutions, with the liber- 
ation of 1 equivalent of titratable acid. It reacts quantitatively with hy- 
droxylamine at pH values of 5.5 and higher, and forms ethy] acetate readily 
in the presence of ethanol; for this reason, the breakdown of p-nitropheny] 
acetate by chymotrypsin is greatly accelerated by alcohols. 
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3 Sulfhydry! groups are easily acetylated by nitrophenyl acetates, but receive no 
catalytic assistance from chymotrypsin. Some amino compounds act in a similar 
manner, reacting spontaneously at high concentrations; e.g., glycine. 


a 
| 
} 
| 
l 
C 
t 
O 


ilar 


N-ACETYL-t-ASPARTIC ACID IN BRAIN 
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(From The Rockefeller Institute for Medical Research, 
New York 21, New York) 
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In recent studies on the amino acids and related compounds present in 
protein-free extracts of cat tissues (1), a relatively large amount of bound 
aspartic acid was found in the extract from brain. Acid hydrolysis of the 
extract liberated about 80 mg. of aspartic acid per 100 gm. of tissue, less 
than 2 per cent of which could have arisen from asparagine. The bound 
aspartic acid in brain represented the largest quantity of conjugated amino 
acid of unknown nature found in any of the tissue extracts examined. The 
isolation of this conjugate and its identification as N-acetyl-L-aspartic acid 
form the subject of this communication. 

Since there were no major unidentified ninhydrin-positive peaks on the 
effluent curve obtained from the extract of brain, it could be concluded 
that the conjugated amino acid was present in an N-substituted and nin- 
hydrin-negative form. In order to locate compounds of this type in the 
effluent from the ion exchange columns, aliquots were removed from the 
fractions for direct ninhydrin analysis and for analysis after acid hydroly- 
sis. In this manner, a relatively large amount of material, which was nin- 
hydrin-positive after hydrolysis, was found in a peak emerging at about 60 
effluent ml., just preceding phosphoethanolamine (cf. Fig. 1 (1)). Amino 
acid analysis of a hydrolyzed sample from this peak showed that it con- 
tained nearly all of the conjugated aspartic acid of the brain; 87 per cent 
of the ninhydrin color of the hydrolysate arose from aspartic acid, and the 
amount of this amino acid corresponded to 74 mg. per 100 gm. of tissue. 
The presence of small amounts of glutamic acid, serine, cystine, and tyrosine 
in the hydrolysate indicated that the compound was not present in a com- 
pletely pure form. Since the derivative was eluted rapidly from the Dowex 
50 column, it appeared likely that the conjugate was an acidic compound 
and could probably be chromatographed more effectively by using a column 
of a basic resin, such as Dowex 2-X4, as had been done with phenylacety]- 
glutamine (2) and tyrosine-O-sulfate (3). When an extract of cat brain 
was chromatographed on a 0.9 K 15cm. column of Dowex 2-X4, the effluent 


curve shown in Fig. 1 was obtained. The peak at about 90 ml. was com- 


pletely ninhydrin-negative before hydrolysis, and the amino acid content 
of a hydrolysate showed aspartic acid to be the only amino acid present. 
Rechromatography of a sample from the Dowex 2 experiment on a column 
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of Dowex 50 gave a peak just preceding the phosphoethanolamine position, 
indicating that the conjugated aspartic acid in brain was present largely in 
the one compound which could be detected by using either resin. 

The isolation of about 40 mg. of the salt-free derivative from 40 gm. of 
brain was accomplished by chromatography on Dowex 2 with volatile 
ammonium acetate buffers as eluents (4) instead of sodium acetate. The 
syrupy residue obtained after removal of NH,OAc by sublimation con- 
tained more than 65 per cent aspartic acid on a weight basis, thus placing 
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Fig. 1. Chromatography of a protein-free extract of cat brain on a 0.9 X 15 em. 
column of Dowex 2-X4. A 0.2 N NaOAc buffer at pH 5.0 was used as eluent for the 
first 25 ml., at which point the ionic strength was gradually increased by allowing a 
2 n buffer to flow into the 0.2 n buffer in a 150 ml. flask. An amount of extract from 
0.4 gm. of brain tissue, containing about 0.45 mg. of acetylaspartic acid, was chro- 
matographed. @, ninhydrin color; O, ninhydrin color after hydrolysis with dilute 
HCl (see the text). 


an upper limit of about 100 on the molecular weight of the substituent on 
the nitrogen (assuming that the conjugate was not a polyaspartic acid deriv- 
ative). The absence of NH; from the hydrolysate of the compound ruled 
out a carbamy] group as a possible substituent. Paper chromatography 
of the hydrolysate by the procedure of Kennedy and Barker (5) for lower 
fatty acids proved difficult, but pointed to the possible presence of either 
formic acid or acetic acid. Accordingly, formylaspartic acid and acetyl- 
aspartic acid were synthesized and chromatographed on Dowex 2. The 
two acyl derivatives were well separated, and the position of the acetyl 
derivative, which emerged first, coincided exactly with that of the com- 
pound from brain. Since N-acetyl-L-aspartic acid is known to crystallize 
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with difficulty, the natural and synthetic products were both converted to 
the crystalline di-p-nitrobenzyl esters for comparison of the physical prop- 
erties. Both derivatives have the same melting point, optical rotation, 
elementary analysis, and infra-red spectrum. 


EXPERIMENTAL 


Preparation of Brain Extracts—Protein-free extracts of cat brain were 
prepared as previously described (1), except that 15 volumes of 1 per cent 
picric acid were used, and the adjustment to pH 7.5 was omitted. After 
removal of precipitated proteins by centrifugation, the supernatant solu- 
tions were still cloudy. The suspension has a tendency to clog the resin 
bed used to remove the picric acid (1, 6), and, even when Dowex 2 columns 
of large diameter (1) are used, passage of the solution through the resin is a 
slow process. The following more rapid procedure was used for the prepa- 
ration of extracts of rat brain. Normal male rats (300 to 350 gm.) were 
anesthetized with ether and exsanguinated by opening the chest wall and 
cutting the heart. The brain was removed, quickly weighed (about 1.5 
gm.), cut into small portions, and ground in a Waring blendor with a 15- 
fold amount of 1 per cent picric acid. The picrie acid precipitate was re- 
moved by centrifugation and Dowex 2-X10 (chloride form) was added 
stepwise to the supernatant solution in sufficient quantity to discharge the 
yellow color. The resin (about 6 gm. of moist Dowex 2) was filtered and 
washed with five 4 ml. portions of 0.02 N HCl. The filtrate and washings 
were concentrated in a rotary evaporator, treated with Celite, filtered 
through acid-washed paper, diluted to a known volume (5 ml.), and stored 
in the deep freeze until used. 

Chromatography on Dowex 50-X4—On a 0.9 X 150 em. column equili- 
brated with buffer at pH 2.2 (Fig. 1 (7)), acetylaspartic acid emerges at 
62 ml., between glycerophosphoethanolamine! and phosphoethanolamine. 
Since acetylaspartic acid does not give a color in the ninhydrin reaction, 
1 ml. effluent fractions were collected and alternate fractions were heated 
for 30 minutes in a boiling water bath with 0.5 ml. of 6 N HCl. Prior to 
ninhydrin analysis (8), the hydrolysates were neutralized with 0.5 ml. of 
6 N NaOH.? Under these conditions, acetylaspartic acid is hydrolyzed 
to the extent of 90 per cent, and this recovery factor has been used in the 
present determinations. Chromatography of the tissue extract (pH 1.5 


‘In the previous study (1), no glycerophosphoethanolamine could be detected in 
the extract of the brain of a fasted cat. However, in the present experiments, 73 and 
93 mg. per cent of this compound were found in two brains obtained from cats that 
had not been fasted. 

* The suitability of this procedure for the determination of readily hydrolyzed 
amino acid derivatives was established initially by Dr. Darrel H. Spackman. 
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to 2) was carried out with a 0.5 to 2.0 ml. aliquot, corresponding to about 
0.5 gm. of tissue. 

Chromatography on Dowex 2-X4—The resin was prepared from 200 to 
400 mesh material in the manner described previously (3), and chroma- 
tography was carried out under the conditions employed for the determina- 
tion of phenylacetylglutamine (2), which are similar to those used by 
Kennedy and Smith (9) for the determination of phosphorylated amino 
acids. The resin in the acetate form was washed with 0.2 Nn NaOAc buffer 
(prepared by diluting 50 ml. of the 4 N NaOAc buffer of pH 5.5 used in the 
ninhydrin method (8) to 1 liter with water) and a column 0.9 XK 15 ¢m. was 
poured. Buffer containing a detergent (5 ml. of a 50 per cent solution of 
BRIJ 35 per liter (7)) was then percolated through the column until de- 
tergent was present in the effluent. The sample to be analyzed (0.5 to 
2.0 ml. of tissue extract) was adjusted to pH 5.5 with N NaOH. After 
addition of the sample to the column, elution was started with 0.2 N buffer 
and continued for 25 ml. At this point, the ionic strength of the eluent 
was gradually increased by allowing 2 N NaOdAc buffer (500 ml. of 4.‘ 
buffer diluted to 1 liter with water and 5 ml. of BRIJ 35 added per liter) 
to flow into 150 ml. of the 0.2 N buffer, by using a mixing device similar to 
that described previously (7). The effluent was collected in 1 ml. fractions 
at arate of 5to7 ml. per hour. Alternate fractions were analyzed directly 
by the ninhydrin method and the remaining fractions were analyzed after 
the mild acid hydrolysis described above. Acetylaspartic acid emerges at 
about 90 ml. (Fig. 1). Glutamic and aspartic acids emerge at 23 ml. An 
initially ninhydrin-negative peak at 38 ml. is at the position known to be 
assumed by pyrrolidonecarboxylic acid, which might be expected to be 
formed in part from glutamine during the preparation of the tissue extract. 
The small ninhydrin-positive peak at 68 ml. has not been identified. Since 
the column of resin shrinks as the molarity of the buffer increases, a new 
column is prepared for each run. The resin should be thoroughly washed 
with 2 N NaOAc or HCl before reuse. 

When a column of Dowex 1-X8* of the same size is used, and gradient 
elution is started at the first fraction, acetylaspartic acid emerges at 80 ml. 

Isolation of N-Acetyl-L-aspartic Acid from Cat Brain—Substitution of 
ammonium acetate for sodium acetate in the type of experiment shown in 
Fig. 1 gave a very similar effluent curve. In pilot chromatograms with 
columns 0.9 cm. in diameter, the eluent was collected in 1 ml. fractions in 
Pyrex test-tubes and analyses by the modified ninhydrin method (8) were 
made after each fraction had been hydrolyzed by heating with 1 ml. of 
2.5 Nn NaOH for 3 hours (tubes uncapped) in an open water bath at 90°. 


3 Dowex 1-X8 is currently more readily available than Dowex 2-X4 (cf. foot-note 
3 of Tallan et al. (3)). 
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The NH; is driven off as the volume of each fraction decreases to 0.1 to 
0.3 ml. The fractions are neutralized with 1 ml. of 30 per cent acetic acid 
prior to the addition of the ninhydrin reagent.‘ 

For the isolation, 15 em. columns 4 cm. in diameter were used. The 
buffers’ were prepared from distilled ammonia, glacial acetic acid, and 
glass-distilled water. Elution was started with 0.2 n buffer; after 500 ml. 
of effluent had been collected, the ionic strength of the eluent was gradually 
increased by allowing 2 N buffer to flow into 2 liters of the 0.2 N buffer. 
The effluent was collected in 20 ml. fractions at a rate of five fractions per 
hour; aliquots were removed, hydrolyzed with alkali, and analyzed with 
ninhydrin. An amount of extract corresponding to about 20 gm. of tissue 
was chromatographed in each instance. 

The effluent fractions containing the acetylaspartic acid were combined, 
and the ammonium acetate was removed by sublimation as described by 
Hirs et al. (4). Since ninhydrin analysis showed that the residue still con- 
tained some ammonia (probably bound as the ammonium salt of the acetyl- 
aspartic acid), the residue was dissolved in a few ml. of water and passed 
through a 0.9 * 1.5 em. bed of Dowex 50-X8 (acid form). The resin was 
washed with 2 to 3 ml. of water. The combined ninhydrin-negative efflu- 
ents were concentrated to an oil, which could not be crystallized. From 
extracts corresponding to about 40 gm. of tissue, 40 mg. of oil were ob- 
tained. Analysis on Dowex 50-X4 (7) of a hydrolysate of a portion of the 
oil revealed the presence of aspartic acid (65 per cent on a weight basis) as 
the only ninhydrin-positive constituent. 

About 30 mg. of oil were dissolved in 3 drops of water and the solution 
was brought to pH 6.5 (glass electrode) by the addition of 0.22 ml. of 1 N 
NaOH. Absolute ethanol (1 ml.) and p-nitrobenzyl bromide (75 mg.) 
were added, the solution was boiled under reflux for 2 hours, and the ester 
was obtained as described below for the ester of the synthetic N-acetyl-L- 
aspartic acid. Yield, 17.9 mg. The crude ester was recrystallized from 
0.6 ml. of hot absolute ethanol. Yield, 12.2 mg.; m.p., 123.5-125°; mixed 
melting point with the synthetic ester, 122.5-124°; [a]?” —11.8° (2.1 per 
cent in methyl Cellosolve); ash = 0.07 per cent. The infra-red spectrum 
is given in Fig. 2.6 

* Detailed procedures for carrying out the alkaline hydrolysis of large numbers of 
fractions are included in a paper by Hirs, Moore, and Stein (14) on the isolation 
of peptides from tryptic hydrolysates of oxidized ribonuclease. 

* The buffers were prepared as follows: 0.2 nN buffer, 285 ml. of 7 Nn NH,OH and 
163 ml. of glacial AcOH, made to 10 liters with water, final pH 5.02. 2.N buffer, 1430 
ml. of 7 Nn NH,OH and 866 ml. of glacial AcOH, made to 5 liters with water, final pH 
5.20. 


® We are greatly indebted to Dr. Herbert Jaffe for the determination of the infra- 
red spectra reported in this paper. 
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CeooHigN3O¢ (445.7). Calculated. C 53.95, H 4.30, N (Dumas) 9.42 

Found. ** §4.13, 4.37, 9.54 
Synthesis of N-Acetyl-L-aspartic Acid—The procedure of Barker (10) 
was used. The syrup crystallized very slowly over a period of 5 months; 
m.p. 135-137°. After preparation of the crystalline anhydride (m.p. 172- 
174°), as described by Barker, the anhydride was dissolved in water and 
the solution was evaporated to a syrup which gave crystalline N-acetyl-.- 
aspartic acid after about 2 months; m.p. 139.5-141°. Ash = 0.0 per cent. 


CsH NO; (175.1). Caleulated. C 41.14, H 5.18, N (Dumas) 8.00 
Found. ‘* 41.23, ** 5.11, 7.96 


Wave length - z 


-p-mtrobenzyl ester of 
> 0 N-acetyl -L-aspartic acid 
30 
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0} Synthetic 
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hia. 2. Infra-red absorption of the di-p nitrobenzyl ester of natural and of ayn- 
thetic N-acetyl t-aspartic acid in KBr, determined with a Perkin Elmer model 21 
double beam spectrometer with NaCl optics, set at a scanning speed of 0.5 yw per 
minute on a chart seale of 2 inches for 1 yz. 


The crystalline di-p-nitrobenzyl ester of acetylaspartie acid could be 
prepared directly from the syrup by the general procedure outlined by 
Shriner and Fuson (11) for the esterification of acids by this reagent. In 
a typical experiment, 60 mg. of oil were dissolved in 3 drops of water and 
0.5 ml. of 1 N NaOH to yield a solution at pH 6.5 (glass electrode). Ab- 
solute alcohol (2 ml.) and p-nitrobenzyl bromide (165 mg.) were added; 
the solution was boiled under reflux for 2 hours, then filtered to remove a 
small amount of insoluble material. The ester crystallized on cooling. 
The precipitate was filtered, washed with water and ethanol, and dried. 
Yield, 43.6 mg.; m.p., 122-123°. The ester was recrystallized from al- 
cohol. [a]?’ 12.1° (2.1 per cent in methyl Cellosolve); ash = 0.0 per cent. 


CeoHigN3:O, (445.7). Calculated. C 53.95, H 4.30, N (Dumas) 9.42 
Found. “ 54.06, “ 4.34, “ es 9.52 
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The ester is ninhydrin-negative and insoluble in both water and dilute 
HCl, showing, as does the elementary analysis, that the acetyl group has 
not been removed. The infra-red spectrum is given in Fig. 2. 

Synthesis of N-Formyl-L-aspartic Acid—A procedure similar to that of 
Tabor and Mehler (12) for N-formyl-L-glutamic acid was used. To 2 gm. 
of aspartic acid dissolved in 33 ml. of 85 per cent formic acid were added 
slowly 11 ml. of acetic anhydride. 30 minutes after the addition was com- 
plete, the solvents were removed by distillation to yield a thick syrup, 
which was dissolved in 2 ml. of absolute ethanol. Benzene (25 ml.) was 
added and the mixture was chilled. Crystalline formylaspartic acid 
formed in 18 hours. The crystals were collected by filtration, washed with 
benzene, and dried. The material was recrystallized three times in the 
same manner. Yield, 1.6 gm. The final product melted at 127.5—-128°. 
Hayaishi, Tabor, and Hayaishi (13) report a melting point of 136—137°. 
Upon chromatography on Dowex 2-X4, under the conditions referred to 
in Fig. 1, the substance appears in the effluent at about 96 ml. 


DISCUSSION 


To our knowledge, the isolation of a simple acetylated amino acid from 
animal tissues has not been reported heretofore. Relatively large amounts 
of acetylaspartic acid are present in brain, Concentrations of 107, 105, 
and 97 mg. per 100 gm. (wet weight) were found in three cat brains, and 
} and G8 mg. per cent in two rat brains. Investigation of other tissues 
of the cat showed that there was no detectable acetylaspartic acid in the 
gastrocnemius and not more than | and 3 mg. per cent in the liver and the 
kidney, respectively, Although urine contains much conjugated aspartic 
acid, the N-acetyl derivative was not present in detectable amounts. 

The function of acetylaspartie acid in brain remains unknown, It will 
be necessary to determine whether the compound occurs in nervous tissue 
other than brain and to relate the present findings to the general subject 
of biological acetylation. 


The authors wish to acknowledge the technical assistance of Miss Renate 
Mikk in the performance of these experiments. We are indebted to Mr. 
8. Theodore Bella for the elementary microanalyses reported in this com- 
munication. 


SUMMARY 


In preceding studies on the non-protein nitrogen of tissue extracts, a 
relatively large amount of bound aspartic acid was observed in extracts of 
cat brain. The conjugate has been isolated by ion exchange chromatog- 
raphy and characterized as N-acetyl-L-aspartic acid by comparison of the 
melting point, elementary analysis, optical rotation, and infra-red spectrum 
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of the di-p-nitrobenzyl ester with those of the synthetic derivative. The 
N-acetylamino acid occurs at a concentration of 100 mg. per cent in cat 
brain and at a similar concentration in rat brain, but it is not present in 
appreciable quantities (more than 1 to 3 mg. per cent) in cat liver, kidney, 
muscle, or urine. 
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ENTERIC EXCRETION OF METABOLITES OF STEROID 
HORMONES IN THE HUMAN 


I. ISOLATION OF ESTRIOL FROM MECONIUM 


By RALPH A. KINSELLA, Jr., FAITH ELLEN FRANCIS, SIDNEY A. 
THAYER, ann EDWARD A. DOISY 


(From the Departments of Internal Medicine and Biochemistry, St. Louis University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, August 22, 1955) 


Meconium, the contents of the intestinal tract of the fetus and the new- 
born, is composed of the unabsorbed solids of amniotic fluid which have 
been swallowed, and of bile, mucus, and desquamated intestinal epithelial 
cells. Its accumulation is said to begin late in the first trimester of gesta- 
tion, but it is not normally passed through the rectum until after birth; 


. it is completely excreted within 2 to 4 days. Meconium, therefore, with 


reservations with regard to possible enterosystemic circulatory relation- 
ships, constitutes a concentrate and a record of enteric excretion of metab- 
olites throughout fetal life. In contrast to feces, which are composed 
mainly of microorganisms, meconium is free from bacterial growth and, 
accordingly, is relatively pure excrement. On the basis of presently avail- 
able information, it is likely that steroid hormonal metabolites reach 
meconium by way of biliary excretion. 

Metabolic experiments of the classical type, in contrast to morphological 
studies, would involve sampling of fetal blood, urine, feces, and other tis- 
sues, Which is difficult to carry out on the small laboratory animals. In 
addition, in humans it would be necessary first to establish that a given 
experimental procedure poses no threat to the normal successful termina- 
tion of pregnancy. The special character of meconium should provide an 
opportunity for the study of metabolic processes of the fetus and for the 
elucidation of some of the biochemical relationships which exist between 
the maternal organism, the placenta, and the fetus. 

Estrogenic activity has been found in meconium (1), bile from various 
sources (2-10), and feces (11—13).! Several steroid hormonal metabolites 
have been identified in dog bile (14) and in cow bile (15). However, no 
estrogen has been isolated in crystalline form from human bile or intestinal 


'The bioassays reported in this paper were carried out according to a modifica- 
tion of the Marrian-Parkes procedure, which in our laboratory gives the following 
units for the various estrogens: 50,000 units per mg. for estradiol, 20,000 units per 
mg. for estrone, and 8333 units per mg. for estriol. 
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excreta. The present study was undertaken to ascertain whether steroids 
or their metabolites are present in meconium. This paper is concerned 
with the isolation and identification of estriol. 


EXPERIMENTAL 


To each of two 400 gm. portions of meconium, approximately 25 ml. of 
glacial acetic acid were added. Each portion was then extracted three 
times with 250 ml. of n-butanol. The extraction was carried out in a 
Waring blendor, and the phases were separated by centrifugation. A 
fourth extraction was carried out with 250 ml. of butanol on one 400 gm. 
portion, after which the separated butanol was used to extract the other 
400 gm. portion. The combined butanol extracts were cooled to about 
0°, and the aqueous phase (pH 3 to 4) which separated was removed. The 
butanol was distilled under reduced pressure (35-50°), leaving an oily res- 
idue which smelled faintly of acetic acid. This residue was transferred 
to a separatory funnel with water, ethanol, and petroleum ether. The 
final concentration of ethanol in the aqueous phase was 10 per cent. The 
suspension was shaken three times with one-third volume of petroleum 
ether. Each petroleum ether extract was washed with water and the 
water added to the aqueous suspension. The aqueous phase was then 
shaken four times with one-half volume of ether, and the ether extract was 
washed with water. The combined ether extracts were then taken to 
dryness, and the residue was termed the “free fraction.”’ 

Hydrolysis with B-Glucuronidase—The 350 ml. of aqueous phase were 
adjusted to pH 6.4, and 1 gm. of cysteine and 80,000 Fishman units of 
bacterial 8-glucuronidase were added. Chloroform was used as a preserva- 
tive, and the mixture was incubated at 37° for 18 hours. Three additions 
of B-glucuronidase were then made at two successive 24 hour periods and 
at one final 18 hour period. The amounts of 8-glucuronidase added were 
80,000, 104,000, and 64,000 units, respectively. The mixture was ex- 
tracted with ether after each of the last three incubation periods, the ether 
extracts were taken to dryness under reduced pressure, and the residues 
were combined. This residue was then transferred with 50 ml. of water 
and 50 ml. of ether to a separatory funnel. The water was extracted four 
times with an equal volume of ether. The combined ether extracts were 
washed once with one-twentieth volume of water and then taken to dry- 
ness under reduced pressure. This residue constituted the “crude glucu- 
ronide fraction.” 

Hydrolysis with Phenolsulfatase—80 gm. of Mylase P, a commercial 
product containing phenolsulfatase, were added to the aqueous phase and 
the pH brought to 6.4. The mixture was incubated for 48 hours at 37° 
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and then extracted three times with equal volumes of ether. The ether 
was taken nearly to dryness under reduced pressure, and the residue trans- 
ferred to a separatory funnel with ether. The ether was washed with water 
and then removed under reduced pressure. This residue constituted the 
“crude phenol sulfate fraction.” 

Hydrolysis by Continuous Extraction at pH 0.7—The residual meconium 
extract was brought to pH 0.7 with concentrated HCl and subjected to 
continuous extraction with ether for 24 hours. The ether extracts were 
washed twice with one-tenth volume of water and then taken to dryness 
under reduced pressure. This residue constituted the ‘crude alcoholic 
sulfate fraction’. 

Fractionation of Free, Glucuronide, and Phenol Sulfate Fractions—The 
crude residue obtained after each of the hydrolytic procedures was sepa- 
rated into ketonic and non-ketonic fractions with Girard’s Reagent T. 
The ketonic fraction was partitioned between benzene and water, and the 
phenolic compounds were removed from the benzene solution by shaking 
the solution three times with nN KOH; the alkaline extract was neutralized 
and extracted three times with ether. The benzene-soluble fraction was 
reserved for examination of ketonic androgens. 

The non-ketonic fraction was separated into weak and strong phenols 
by partitioning between benzene and 0.075 m K:HPQO,, as described by 
Friedgood et al. (16). The combined aqueous solutions were shaken four 
times with an equal volume of ether, and the residue obtained by evapora- 
tion of the combined ether extracts was termed the estriol fraction, while 
the residue obtained by evaporation of the benzene solution was termed 
the estradiol fraction. 

The fractionation of the free fraction did not show estrone or estradiol. 
Quantitative determination on the estriol fraction by the Kober reaction 
as modified by Salter et al. (17) gave a color equivalent to 3.7 mg. of estriol. 
Biological assay,’ which was performed by our modification (18) of the 
Marrian-Parkes procedure, indicated the presence of 31,000 units, equiva- 
lent to 3.7 mg. of estriol. A crystalline product was not isolated from 
this fraction. After hydrolysis by enzymes and extraction of estrogen with 
ether, hydrolysis of the aqueous phase with acid did not yield additional 
estrogen. 

Identification of Estriol—20.2 mg. and 10.8 mg. of semi-crystalline ma- 
terial were obtained from the estriol residues of the glucuronide and of the 
phenol sulfate fractions, respectively. Crystallization was carried out re- 
peatedly from aqueous ethanol and aqueous methanol. Each fraction 
yielded crystalline material which melted at 279-280°,? and which did not 


? All melting points were carried out with the Fisher-Johns apparatus except the 
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depress the melting point on admixture with authentic estriol (m.p. 280- 
281°). The mixed melting points were 279-280° and 280-281°, respec- 
tively. 

Microcombustion analysis of glucuronide estriol-CjgsH2O3 gave the fol- 
lowing results. Calculated, C 74.9, H 8.4; found, C 74.3, H 8.4. 

Bioassay of the “glucuronide” and “phenol sulfate” estriols was carried 
out with results as follows: authentic estriol, 8333 units per mg.; glucu- 
ronide estriol, 7692 units per mg.; phenol sulfate estriol, 8333 units per mg. 

Benzoylation of the crystalline material of the phenol sulfate estriol, 


carried out by the modified Schotten-Baumann procedure used by Huff- | 


man and Darby (19) to benzoylate estrone, gave monobenzoylation of 
estriol in practically quantitative yield. The crystalline product obtained 


after crystallization from aqueous methanol and n-heptane-Skellysolve B | 


melted at 230—232° and, after recrystallization, at 230-231° (corrected) 
(Huffman et al., 225° (uncorrected) (20)). The melting point on admix- 
ture with the monobenzoate obtained from authentic estriol (m.p. 230- 
232°) was 230-232°. 

Acetylation of the estriol obtained after glucuronidase hydrolysis was 
carried out by a modification of the method of Peterson and West (21). 
3 mg. of estriol were dissolved in 0.3 ml. of pyridine and 0.1 ml. of acetic 
anhydride and allowed to stand for 18 hours at room temperature. The 
product was. crystallized from aqueous ethanol and aqueous methanol. 
2.1 mg., which melted at 124-126°, were obtained. The melting point of 
the triacetate prepared from authentic estriol was 124.5-126.5°, and the 
mixed melting point was 125—126.5°. 

Evaluation of Fractionation Procedure—An exhaustive study of the other 
fractions revealed that the approximately 10 per cent of the total Kober 
reacting material which was not obtained in the estriol fraction was prob- 
ably estriol. The estradiol fractions, which contained about 5 per cent of 
the total Kober reacting material, were subjected to a second partitioning 
between benzene and 0.075 m K,HPQ,. All of the estrogen, as measured 
by the Kober reaction and bioassay, appeared in the phosphate solution. 
The estrogen appearing in the ketonic fraction was measured by the Kober 
reaction and by bioassay; its activity was much less than that of estrone 
and even somewhat less than that of estriol. 

Further confirmation that estriol accounted for the estrogenic activity 
of the various fractions was obtained through paper strip chromatographic 
analysis of each fraction. The method of Burton, Zaffaroni, and Keut- 


melting points and mixed melting points of the glucuronide estriol and authentic 
estriol, which were also obtained with an oil bath and were reported after correction 


for stem exposure. 
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mann (22) which utilizes the toluene-propylene glycol system was em- 
ployed for all fractions. Aliquots of the residues were placed on the paper 
strips, and duplicate strips containing aliquots of the residues plus estrone 
were prepared. Chromatography was continued until estrone on the du- 
plicates had moved from 8 to 9 cm. from the origin, as determined by the 
reaction with the ferric chloride-potassium ferricyanide reagent of Jellinek 
(23). The strips containing residue alone presented areas reacting with 
the reagent at the origin only, while the residue-estrone mixtures presented 
areas reacting with the reagent at the origin and at from 8 to 9 em. from 
the origin. 

The method of Axelrod (14) with methylene chloride-formamide was 
similarly employed, except that this time estriol was added to the residues 
from the various fractions. The strips were allowed to develop until estriol 
had moved 7 to 8 cm. from the origin. The paper strips containing both 
the residue alone and the residue mixed with estriol presented a single 
area reacting with the ferric chloride-potassium ferricyanide reagent. 


DISCUSSION 


The isolation and identification of estriol from meconium are of interest 
and significance. Estrogens have not previously been isolated from hu- 
man intestinal excreta or bile, although early in the study of estrogen me- 
tabolism estrogenic activity was detected in feces by Dohrn and Faure 
(11) and by Siebke and Schuschania (12), and in meconium by Gsell-Busse 
(1). Most recent studies have demonstrated the presence of isotopically 
labeled metabolites of estrogens in feces (24). Because of the character of 
meconium, the most likely source of the estriol which it contains is the 
bile. Therefore, the isolation of estriol from meconium affords evidence 
for the biliary excretion of this estrogen in the human. 

The finding that estriol is the principal estrogen present in meconium is 
similar to the findings indicating the relative predominance of estriol in 
pregnancy urine. While evidence for the presence of estrone and estradiol 
was not obtained, it cannot be said with assurance that they are absent 
from meconium. It is estimated, however, that no more than 1 mg. of 
estrone and estradiol could have remained undetected in the 800 gm. pool 
of meconium used in this study. It is possible that analysis of a larger 
aliquot of meconium would yield estrone and estradiol. 

It now seems evident that further studies of meconium should provide 
important information concerning the metabolism of steroid hormones of 
the fetus. 17-Ketosteroids have also been found in meconium (25), and 
studies on this group of compounds are now in progress. The study of 
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metabolites of physiological interest which meconium contains should yield 
insight into fetal metabolism and provide a basis for a controlled thera- 
peutic approach to some of the problems which are peculiar to intrauterine 
life and embryological development. 


SUMMARY 


The isolation and identification of estriol from meconium establish that 


estriol is present in human intestinal content. Estriol was found not only 
as the free compound but also as conjugates hydrolyzed by 6-glucuronidase 
and Mylase P. This study indicates that meconium should prove to be a 
fruitful biological material for further investigation of the metabolism of | 


steroid hormones and, possibly, of compounds of pharmacological interest. 


The authors wish to express their appreciation for the cooperation of the 
Staff of the Nursery of St. Mary’s Hospital, Richmond Heights, Missouri, 
and in particular to Sister Mary Ermelind, 8. S. M., Supervisor, and Miss 
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THE TYROSINE OXIDATION SYSTEM OF LIVER 


III. FURTHER STUDIES ON THE OXIDATION OF 
p-HYDROXYPHENYLPYRUVIC ACID 
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(From the Laboratory of Chemical Pharmacology, National Heart Institute, National 
Institutes of Health, Public Health Service, United States Department 
of Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, June 23, 1955) 


Studies of the metabolism of tyrosine with mammalian liver preparations 
have indicated that ascorbic acid is involved at two different steps: the 
oxidation of p-hydroxyphenylpyruvic acid (1-6) and the oxidation of 
homogentisic acid (7, 8). 

Suda et al. (7, 8) have shown that ferrous iron is required in the oxidation 
of homogentisic acid and that ascorbic acid functions only as a reducing 
agent to maintain iron in the ferrous form. The rdéle of ascorbic acid in 
the oxidation of p-hydroxyphenylpyruvic acid is less well defined. It has 
been proposed that L-ascorbic acid is a coenzyme for this reaction (4), but 
since several other compounds such as D-isoascorbic acid (3), as well as 
p-ascorbic acid, 2 ,6-dichlorophenolindophenol, and hydroquinone (5), can 
replace ascorbic acid in crude liver preparations, it is more probable that 
all of these compounds act in a less specific manner (5, 9). 

The development of a manometric assay method to measure the oxida- 
tion of p-hydroxyphenylpyruvic acid to homogentisic acid (6) has made it 
possible to purify from dog liver the enzyme system catalyzing this oxida- 
tion. In this paper evidence will be presented that two protein fractions 
are required in the oxidation. Further studies on the function of ascorbic 
acid and of 2,6-dichlorophenolindophenol in this reaction are described. 
Additional evidence is presented that 2 ,5-dihydroxyphenylpyruvic acid is 
not an intermediary compound in this oxidative pathway. 


EXPERIMENTAL 


Materials—An acetone powder of dog liver was prepared as described 
previously (10). Homogenates of dog liver were also used in most of the 
enzyme purification studies. 

Incubation Conditions—The oxidation of p-hydroxyphenylpyruvic acid 
to homogentisic acid was measured manometrically (6). The main com- 
partment of the Warburg vessels contained 1 ml. of 0.1 M sodium phosphate 
buffer, pH 6.5, 2 umoles of a,a’-dipyridyl, 20 umoles of neutralized gluta- 
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thione, 20 y of 2,6-dichlorophenolindophenol, 0.05 to 0.5 ml. of enzyme 
preparation, and water to give a final volume of 2.0 ml. A side arm con- 
tained 5 umoles of p-hydroxyphenylpyruvic acid in 0.5 ml. of 0.1 mM phos- 
phate buffer, pH 6.5, and the center well held 0.2 ml. of 20 per cent KOH. 
The flasks were equilibrated at 37° for 10 minutes before the addition of 
substrate to the main compartment. The shaking rate was 180 oscillations 
per minute with air as the gas phase. 

Chemical Methods—Homogentisic acid and p-hydroxypheny]pyruvic acid 
were measured as previously described (6). Protein was determined by 
the colorimetric method of Gornall e¢ al. (11), standardized with crystal- 
line bovine serum albumin, and by the spectrophotometric method of War- 
burg and Christian (12). 

Unit of Enzyme Activity—An enzyme unit was defined as the amount 
required to oxidize 1 umole of p-hydroxyphenylpyruvic acid per hour, based 
upon the initial rate of oxygen uptake. Specific activity was defined as 
the number of units per mg. of protein. 

Separation of Protein Components—Attempts to purify the enzyme sys- 
tem from dog liver powder extracts by fractionation with ethanol and am- 


monium sulfate resulted in large losses of activity. Subsequently, it was | 
observed that this loss was due to the separation of the enzyme system into | 


two protein fractions, both of which are essential for this oxidation. 


An alternative method was developed for separating the protein com- | 


ponents by starting with homogenates of dog liver. The latter method 
proved to be easier and more reproducible than that starting with liver 
powder extracts, and a typical fractionation procedure is shown below. 
Step 1. Chloroform Treatment of Dog Liver Homogenate—460 gm. of dog 
liver were homogenized with 690 ml. of 0.1 m phosphate buffer, pH 6.5, 
at 0-5° in a Waring blendor for 2 minutes, and the homogenate was cen- 
trifuged at 9000  g for 5 minutes at 0-5°. The supernatant solution was 


mixed with an equal volume of chloroform, shaken vigorously for 15 min- | 


utes at room temperature, and allowed to stand at room temperature for 
30 minutes. The emulsion was centrifuged at 9000 * g for 10 minutes 
and the clear, light amber supernatant fraction employed for further 
fractionation. 

Step 2. Ammonium Sulfate Fractionation I—300 ml. of the chloroform- 
treated supernatant solution, containing 50 to 60 mg. of protein per ml., 
were diluted to 400 ml. with 0.2 m phosphate buffer, pH 6.5, and cooled to 
0-3°. Saturated ammonium sulfate solution, pH 6.5, was added slowly, 
with stirring to 0.4 saturation. After standing for 1 hour, the precipitate 
was removed by centrifugation and discarded. The supernatant solution 
was fractionated with additional saturated ammonium sulfate, and two 
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more fractions were obtained, 0.4 to 0.55 saturation and 0.55 to 0.75 satura- 
tion. The precipitates were dissolved in 0.1 m phosphate buffer, pH 6.5, 
dialyzed overnight against distilled water, and dissolved in 30 ml. of 0.1 
m phosphate buffer, pH 6.5. Assay for p-hydroxyphenylpyruvic acid oxi- 
dation activity of these fractions usually showed that the 0.55 to 0.75 
saturation fraction contained about 75 per cent of the activity of the chlo- 
roform-treated supernatant fraction from Step 1. 


TABLE I 
Fractionation of Dog Liver Homogenate 


Protein con- its of ae 
mg. per ml. per ml. activity recovered 
Supernatant of homogenate.......... 149 62 0.4 93 , 500 
Chloroform treatment............... 60.7 50 0.8 56, 150 
Ammonium sulfate fractionation I 
60.4 eaturation..................... 56.0 | 15 0.3 4,500 
0.4-0.55 saturation.................. 29.0 | 60 2.1 11,250 
0.55-0.75 saturation. ................ 18.4 | 90 4.9 25 ,000 
Ammonium sulfate fractionation IT 
0-0.5 saturation, Fraction A......... 30.7 15 0.5 1,670 
0.5-0.75 saturation, Fraction B...... 10.7 10 1.0 1,160 
20.7 80 4.0 17 ,400 


Step 3. Ammonium Sulfate Fractionation II—To separate the protein 
components, the 0.55 to 0.75 saturation fraction was refractionated with 
saturated ammonium sulfate into two fractions, 0 to 0.5 saturation and 
0.5 to 0.75 saturation. The precipitates were dissolved in phosphate buffer 
and dialyzed against water as above. In some instances Step 3 was re- 
peated on each fraction to decrease the contamination by the other com- 
ponent. The fraction obtained below 0.5 saturation was called Fraction 
A, and that obtained between 0.5 and 0.75 saturation, Fraction B. <A 
typical fractionation is summarized in Table I. 

Characteristics of Fractions A and B—Both Fractions A and B are pre- 
sumably proteinaceous since they were completely inactivated by heating 
to 55° for 5 minutes and retained most of their activity after dialysis against 
dilute phosphate buffer, pH 6.5, for 24 hours. 

Both fractions were required for the oxidation of p-hydroxyphenylpyru- 
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Fic. 1. The oxidation of p-hydroxyphenylpyruvic acid to homogentisic acid with _ 

Fractions A and B. Incubation conditions were as described in the text. Fraction 

A contained 1.5 mg. of protein, Fraction B 1.6 mg. of protein. The product was 
identified as homogentisic acid, as previously described (6). 
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Fia. 2. Effect of various concentrations of Fractions A and B on the oxidation of © 
p-hydroxyphenylpyruvie acid. A, 740 y of protein of Fraction B throughout with ! 
varying amounts of Fraction A; 1 ml. of Fraction A contained 382 7 of protein. 2 l. 
were subtracted from all the values to correct for the activity of Fraction B alone. 
B, 153 y of protein of Fraction A throughout with varying amounts of Fraction B; 
1 ml. of Fraction B contained 1480 7 of protein. Fraction A had no activity alone. 
Incubation conditions were as described in the text with 5 umoles of p-hydroxyphenyl- 
pyruvic acid as substrate. 
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ponent was,omogentisic acid (Fig. 1). Further evidence that two protein 
and B wetre required is that the rate of substrate oxidation was propor- 
fraction ‘the amount of the limiting fraction when various amounts of one 
B was a were added to a constant amount of the other (Fig. 2). 

Frac’ was observed with crude acetone powder extract preparations (6), 
the fractions alone, or in combination, did not catalyze the oxidation of 
¢,5-dihydroxyphenylpyruvic acid to homogentisic acid. No oxygen up- 
take was observed when 5 umoles of 2 ,5-dihydroxyphenylpyruvic acid were 
incubated with Fractions A and B, even though these same experimental 
conditions resulted in the oxidation of 5 umoles of p-hydroxyphenylpyru- 
vic acid to homogentisie acid in 1 hour. 


TABLE II 


Effect of 2,6-Dichlorophenolindophenol and Ascorbic Acid before and after 
Treatment of Enzyme Preparation with Chloroform 


Amount of substrate oxidized in 1 hr. 


Before CHCl; treatment | After CHCI; treatment* 


-— 


pmoles | pmoles 

Aseorbie acid (0.001 M)................... 4.5 0.8 
2,6-Dichlorophenolindophenol, 20 y....... 4.5 4.5 


Incubation conditions were as described in the text, except for 2,6-dichloro- 
phenolindophenol, as indicated above. The flasks contained 0.25 ml. of dog liver 
homogenate which had been dialyzed against distilled water for 24 hours at 0-3°. 

* Liver homogenate was treated with chloroform as described in the text. 


Requirement for 2 ,6-Dichlorophenolindophenol Rather Than Ascorbic Acid 
—In previous experiments with crude acetone powder extracts (6), it was 
observed that 2,6-dichlorophenolindophenol could replace ascorbic acid, 
and this suggested that these reducing agents acted in a similar manner. 
However, with purification of the enzyme system it was noted that ascorbic 
acid was less effective than 2,6-dichlorophenolindophenol. The chloro- 
form-treated enzyme preparation (Step 1), after being dialyzed for 24 hours 
against distilled water, had very low activity without dye or ascorbic acid 
and low activity even when ascorbic acid was added (Table II). Activity 
was restored to about 75 per cent of that before dialysis by the addition of 
20 y of 2,6-dichlorophenolindophenol. Furthermore, the combination of 
dye and 0.001 m ascorbic acid was no more effective than the dye alone. 

It was also observed in experiments with the 0.55 to 0.75 ammonium 
sulfate fraction (Step 2) that the time at which 2,6-dichlorophenolindo- 
phenol was added was critical. When the dye was added simultaneously 
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A contained 1.5 mg. of protein, Fraction B 1.6 mg. of protein. The product was 
identified as homogentisic acid, as previously described (6). 
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Fig. 2. Effect of various concentrations of Fractions A and B on the oxidationof — an 
p-hydroxyphenylpyruviec acid. A, 740 y of protein of Fraction B throughout with 
varying amounts of Fraction A; 1 ml. of Fraction A contained 382 7 of protein. 24. 
were subtracted from all the values to correct for the activity of Fraction B alone. 
B, 153 y of protein of Fraction A throughout with varying amounts of Fraction B; dy 
1 ml. of Fraction B contained 1480 y of protein. Fraction A had no activity alone. ] 
Incubation conditions were as described in the text with 5 umoles of p-hydroxyphenyl- | gy] 
pyruvic acid as substrate. 
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vic acid to homogentisic acid (Fig. 1). Further evidence that two protein 
fractions are required is that the rate of substrate oxidation was propor- 
tional to the amount of the limiting fraction when various amounts of one 
fraction were added to a constant amount of the other (Fig. 2). 

As was observed with crude acetone powder extract preparations (6), 
the fractions alone, or in combination, did not catalyze the oxidation of 
2,5-dihydroxyphenylpyruvic acid to homogentisic acid. No oxygen up- 
take was observed when 5 umoles of 2 ,5-dihydroxyphenylpyruvic acid were 
incubated with Fractions A and B, even though these same experimental 
conditions resulted in the oxidation of 5 umoles of p-hydroxyphenylpyru- 
vie acid to homogentisie acid in 1 hour. 


TABLE II 


Effect of 2,6-Dichlorophenolindophenol and Ascorbic Acid before and after 
Treatment of Enzyme Preparation with Chloroform 


Amount of substrate oxidized in 1 hr. 


Before CHCl; treatment | After CHC]; treatment* 


pmoles pmoles 

Aseorbie acid (0.001 M)................... 4.5 0.8 
2,6-Dichlorophenolindophenol, 20 y....... 4.5 4.5 


Incubation conditions were as described in the text, except for 2,6-dichloro- 
phenolindophenol, as indicated above. The flasks contained 0.25 ml. of dog liver 
homogenate which had been dialyzed against distilled water for 24 hours at 0-3°. 

* Liver homogenate was treated with chloroform as described in the text. 


Requirement for 2 ,6-Dichlorophenolindophenol Rather Than Ascorbic Acid 
—In previous experiments with crude acetone powder extracts (6), it was 
observed that 2,6-dichlorophenolindophenol could replace ascorbic acid, 
and this suggested that these reducing agents acted in a similar manner. 
However, with purification of the enzyme system it was noted that ascorbic 
acid was less effective than 2,6-dichlorophenolindophenol. The chloro- 
form-treated enzyme preparation (Step 1), after being dialyzed for 24 hours 
against distilled water, had very low activity without dye or ascorbic acid 
and low activity even when ascorbic acid was added (Table II). Activity 
was restored to about 75 per cent of that before dialysis by the addition of 
20 y of 2,6-dichlorophenolindophenol. Furthermore, the combination of 
dye and 0.001 m ascorbic acid was no more effective than the dye alone. 

It was also observed in experiments with the 0.55 to 0.75 ammonium 
sulfate fraction (Step 2) that the time at which 2 ,6-dichlorophenolindo- 
phenol was added was critical. When the dye was added simultaneously 
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with the substrate, the activity of the enzyme preparation was nearly max- 
imal. (Preincubation of the enzyme system with dye before the substrate 
was added resulted in slightly high activity.) However, if the substrate 
was added first and the dye 10 minutes later, the activity was extremely 
low throughout the incubation period. The low activity under these con- 
ditions was not due to an alteration of the substrate during the preliminary 
incubation period, since the later addition of fresh enzyme to the incuba- 
tion mixture resulted in complete oxidation of the substrate. 

Requirement for Reduced Form of 2,6-Dichlorophenolindophenol—Under 
our usual experimental conditions, glutathione, which was added to pre- 
vent the non-enzymatic oxidation of homogentisic acid (6), maintained 


TABLE III 


Requtrement of Reduced 2,6-Dichlorophenolindophenol in Oxidation 
of p-Hydroryphenylpyruvic Acid 


Amount of substrate 


Additions uptake in 1 hr. tn ¢ be. 
pmoles pmoles 
Dye, oxidized form*...................... 1.5 1.6 


Incubation conditions were as described in the text, except that glutathione and 
100 y of 2,6-dichlorophenolindophenol were varied as described above. The flasks 
contained 0.53 mg. of protein of Fraction A and 1.33 mg. of protein of Fraction B 
with 5 wmoles of p-hydroxyphenylpyruvic acid as substrate. 

* Glutathione omitted. 

t Dve and 2 wmoles of glutathione or cysteine. 


2 ,6-dichlorophenolindophenol in a completely reduced state throughout 
the incubation period. Thus it appeared that the reduced form of the 
dye replaced the requirement for ascorbic acid. The relative effectiveness 
of the oxidized and reduced forms of the dye was established by omitting 
glutathione from the incubation mixture. With the purified enzyme sys- 
tem this omission did not result in any loss of accumulated homogentisic 
acid during the 1 hour incubation period. The oxidized form of the dye 
had little effect upon the oxidation of p-hydroxyphenylpyruvic acid, 
whereas the reduced dye resulted in essentially complete oxidation of the 
substrate in 1 hour (Table III). Cysteine (0.01 m), which also maintained 
the dye in a completely reduced state, was as effective as glutathione. 
Chemical determination of the residual substrate at the end of the incuba- 
tion period confirmed the results obtained manometrically (Table ITT). 
Effect of Reduced Dye on Fraction B—To establish which enzyme com- 
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ponent was susceptible to the effects of dye and substrate, Fractions A 
and B were each preincubated with substrate and then the other protein 
fraction and the dye were added (Table IV). It was found that Fraction 
B was inactivated by preincubation with substrate unless dye was present. 
Fraction A was not affected by this treatment (Table IV). To rule out 


_ the possibility that the dye simply protected Fraction B from denaturation 


during the longer equilibration period in the absence of substrate, the en- 


TABLE IV 


Effect of Reduced 2,6-Dichlorophenolindophenol on Fraction B in 
Oxidation of p-Hydroryphenylpyruvic Acid 


O2 
pi Additions at zero time 10 min. 10-20" “Strate, 
period | period | in 1 hr. 
pl. pl. pmoles 
Fractions A + B..| Substrate + _ re- 28 28 4.5 
duced dye 
6 Substrate + re- 1 27 4.5 
| duced dye 
reduced dye...... Substrate 30 29 4.5 
Fractions A + B... ” Reduced dye 5 5 0.7 
“ +B 2 30 4.5 


The main Warburg vessel compartment contained 1.3 ml. of 0.2 m phosphate buf- 
fer, pH 6.5, 2.5 umoles of a,a’-dipyridyl, 12.5 wmoles of glutathione, the additions 
shown below, and water toa final volume of 2.5 ml. ‘‘Reduced dye’”’ was a combina- 
tion of 20 y of 2,6-dichlorophenolindophenol and 12.5 umoles of glutathione; Frac- 
tion A contained 0.73 mg. of protein and Fraction B 1.32 mg. of protein prepared 
as described in the text. 5 wmoles of p-hydroxyphenylpyruvic acid as substrate 
were used per flask. 


zymes were incubated 20 minutes before the addition of substrate and dye. 
The initial rate of oxidation was identical with that when the equilibration 
was 5 minutes (Table IV). 


DISCUSSION 


The enzyme system from dog liver catalyzing the oxidation of p-hydroxy- 
phenylpyruvic acid to homogentisic acid has been resolved into two pro- 
tein fractions, A and B. The exact réle of each protein fraction must now 
be established. Neither fraction catalyzes the oxidation of 2 ,5-dihydroxy- 
phenylpyruvic acid. It is possibly fortunate that dog liver was employed 
in these experiments; preliminary attempts to separate the protein com- 
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ponents from homogenates of rat liver have thus far been unsuccessful, 
Also, Edwards et al. (13) found no evidence for two protein components 
after considerable purification of the enzyme system from hog liver. 
Purification of the enzyme system has made it possible to demonstrate 
a difference between the activity of ascorbic acid and that of 2 ,6-dichloro- 
phenolindophenol in the oxidation of p-hydroxyphenylpyruvic acid. With 
crude powder extracts both ascorbic acid and the dye have been shown to 


maintain the oxidation of p-hydroxyphenylpyruvic acid and to prevent. 
inhibition by excess substrate (6). After purification of the enzyme prep- 


aration by treatment with chloroform, ascorbic acid is no longer effective, 
although the system is still reactivated by reduced dye. Thus, the vita- 
min must act indirectly through an agent removed or inactivated by chloro- 
form treatment of the enzyme preparation. These findings do not support 
the theory that ascorbic acid is a coenzyme (4) or that it is required even 


a 


in the presence of reduced dye (14), but suggest rather that ascorbic acid | 
acts indirectly to form a factor which can be completely replaced by re- | 


duced 2 ,6-dichlorophenolindophenol. 

Reduced dye has been shown to act upon Fraction B and to prevent its 
inactivation by the substrate. However, this effect of the dye is abolished 
by the addition of substrate a short time before the addition of the dye. 
It appears, therefore, that the prior reduction of a component of Fraction 


B is necessary for enzymatic activity. In view of the sensitivity of the - 


system to diethyl dithiocarbamate (6), it is possible that a metal compo- 
nent of Fraction B such as copper must be in the reduced state and that 
this reduction is mediated by reduced dye. 


SUMMARY 


1. The enzyme system of dog liver catalyzing the oxidation of p-hy- | 


droxyphenylpyruvic acid to homogentisic acid has been resolved into two 
protein fractions, both of which are required for the oxidation. 

2. Neither fraction catalyzes the oxidation of 2 ,5-dihydroxyphenylpyru- 
vic acid to homogentisic acid. 

3. Upon purification of the enzyme system, ascorbic acid no longer stim- 
ulates the oxidation of p-hydroxyphenylpyruvic acid. However, reduced 
2 ,6-dichlorophenolindophenol is still effective. This observation suggests 
that ascorbic acid must act indirectly through an agent inactivated or re- 
moved during the purification procedure. 

4. Reduced 2 ,6-dichlorophenolindophenol appears to activate one of the 
protein fractions. The dye must be added to this fraction before, or simul- 
taneously with, p-hydroxyphenylpyruvie acid. No appreciable oxidation 
occurs if substrate is added 10 minutes before the reduced dye. 
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INHIBITION OF COLOR DEVELOPMENT IN THE LOWRY-LOPEZ 
PHOSPHORUS METHOD BY SULFHYDRYL COMPOUNDS 
AND ITS COUNTERACTION BY COPPER* 


By JOSEPH H. BRUEMMER anp BOYD L. O’DELL 


(From the Department of Agricultural Chemistry, University of Missouri, 
Columbia, Missour?) 


(Received for publication, August 22, 1955) 


In order to determine inorganic phosphate in the presence of acid-labile 
phosphate, Lowry and Lopez (1) modified the method of Fiske and Sub- 
barow (2) so as to use ascorbic acid at pH 4.0 to reduce the phosphomolyb- 
date formed in the reaction. Although this method has proved useful for 
many purposes, certain tissue extracts contain inhibitors which delay color 
development. Lowry and Lopez suggested dilution of the filtrate, the use 
of high concentration of the reagents, and the addition of an internal stand- 
ard in cases of inhibition, but these precautions are not always feasible or 
entirely effective. | 

When the inorganic phosphorus in the trichloroacetic acid! extracts of 
livers from new-born rats was determined by the method of Lowry and 
Lopez, it was observed that color development was delayed in the case of 
the vitamin By,.-supplemented animals but not in that of the deficient ani- 
mals (3). Since a vitamin By deficiency in the rat has been shown to re- 
sult in a lower concentration of glutathione in the liver (4, 5), the effect of 
glutathione on the color development was determined. 

Data are presented here which demonstrate that glutathione and cys- 
teine delay color development and that copper sulfate effectively over- 
comes the inhibition due to glutathione and the natural inhibitors in tissue 
filtrates. 


EXPERIMENTAL 


Reagents were used at concentrations reported to accelerate the reac- 
tion (1). To a 10 ml. colorimeter tube were added, in order, 2.0 ml. of 
10 per cent TCA, 4.0 ml. of 0.4 m sodium acetate, 0.6 ml. of 2.0 per cent 
ascorbic acid, and 0.6 ml. of ammonium molybdate in 0.05 N sulfuric acid. 


* Contribution from the Missouri Agricultural Experiment Station, Journal 
Series No. 1559, approved by the Director. 

' The following abbreviations are used: TCA, trichloroacetic acid; P;, inorganic 
phosphorus; PhCr-P, phosphocreatine phosphorus; GSH, reduced glutathione; and 
GSSG, oxidized glutathione. 
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The pH of the final reaction mixture was 4.0. Test substances were dis- 
solved in 0.4 m sodium acetate solution. The contents were mixed by 
inversion, and the transmittance was measured at 5 minute intervals after 
molybdate addition by using a 660 my filter in a photoelectric colorimeter. 


The liver extract was prepared by homogenizing liver tissue in cold water — 
and adding sufficient cold 25 per cent TCA to give a final concentration of — 
10 per cent. 1 ml. of the extract was equivalent to 15 mg. of tissue. The | 


glutathione concentration in the liver extract was determined ampero- 


TABLE 
Inhibition of Color Development by Liver Extract and Sulfhydryl Compounds 
Contents of tube Transmittance 

P; Bon GSH GSSG Cysteine | Cystine 5 min. 10 min. 15 min. 

mil. umole pmole umole umole per ceni per 

Tt 100 100 100 

2.0 93 87 82 

5.0 2.0 87 77 72 

5.0 82 82 82 
10.0 68 68 68 
10.0 0.03 67 67 6S 
10.0 0.3 82 75 69 
10.0 0.6 91 86 78 
10.0 1.0 100 100 99 
10.0 0.3 68 68 68 
10.0 0.6 92 83 78 
10.0 0.6 69 69 69 


* 2.0 ml. of a TCA extract of rat liver instead of 2.0 ml. of 10 per cent TCA. 
Tt Reagent blank. 


metrically (6). The isolated glutathione which was purchased from the 
Nutritional Biochemicals Corporation gave 93 per cent of theory when 
titrated by this technique. 


Results 


The data presented in Table I show that the inhibitors in the liver ex- 
tract delayed color development with and without added phosphorus. Re- 
duced glutathione and cysteine also delayed the rate of color development, 
but the disulfides did not. The addition of 0.3 umole of glutathione gave 
partial and 1.0 umole gave almost complete inhibition for 15 minutes. As 
determined amperometrically, the 2 ml. of liver extract contained 0.2 
umole of sulfhydryl compounds. Although this concentration falls within 
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the range of the glutathione concentrations that inhibit, it appears to be 
more than twice as effective as the isolated glutathione. 

The effectiveness of cupric ion in overcoming the inhibitory action of 
glutathione and the natural inhibitors of liver is presented in Table II. 
The addition of 0.5 umole of copper sulfate completely eliminated the 
inhibition produced by 0.6 umole of glutathione and by the inhibitory 
substances in the liver extract. It had no effect on the stability of phos- 
phocreatine. 


TaBLe II 
Effect of Cupric Ion in Counteracting Inhibition of Glutathione and Liver Extract 


Contents of tube Transmittance 
Pj GSH CuSO. Liver extract PhCr-P 5 min. 10 min 
umole umole ml. per cent per cent 

as 100 100 
5.0 82 81 
10.0 68 69 
10.0 0.6 91 86 
10.0 0.6 0.01 91 87 
10.0 0.6 0.1 74 71 
10.0 0.6 0.5 68 69 
10.0 0.6 1.0 68 69 
0.5 2.0 73 74 

5.0 0.5 2.0 62 63 
50 87 79 

0.5 50 86 79 


* Reagent blank. 


The use of 0.5 umole of copper sulfate per tube has been found suitable 
in practice to counteract the natural inhibitors in liver filtrates. The cu- 
pric ion has no appreciable effect on the standard curves, and it stabilizes 
the color in the unknown as well as in the standard tubes. Thus the cu- 
pric ion eliminates the inhibition and prevents the gradual color develop- 
ment that occurs without it. 

Glutathione in minute quantities prevents the oxidation of ascorbic acid 
by molecular oxygen (7, 8), and it probably delays color development in a 
similar manner by uncoupling the oxidation-reduction reaction between 
phosphomolybdate and ascorbic acid. Since copper is known to catalyze 
the autoxidation of glutathione, its effectiveness in overcoming the in- 
hibition is no doubt due to its effect on the oxidation of sulfhydryl com- 
pounds, since oxidized glutathione and cystine are not inhibitory. 
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SUMMARY 


Glutathione and cysteine delay the rate of color development in the — 
determination of inorganic phosphate by the method of Lowry and Lopez. | 
The addition of copper sulfate overcomes the inhibition of these sulfhydry] | 
compounds as well as of the inhibitors that occur in tissue extracts. Thus, 
the addition of cupric ion improves the accuracy of this method for the 
determination of inorganic phosphate in tissue extracts. 
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PYRIDINE NUCLEOTIDE SYNTHESIS IN THE MOUSE* 


By NATHAN O. KAPLAN, ABRAHAM GOLDIN, STEWART R. HUMPHREYS, 
MARGARET M. CIOTTI, anp FRANCIS E. STOLZENBACH 


(From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, and 
the Laboratory of Chemical Pharmacology, National Cancer Institute, 
National Institutes of Health, United States Public Health Service, 
Bethesda, Maryland) 


(Received for publication, June 17, 1955) 


During the course of studies on the formation of diphosphopyridine 
nucleotide (DPN) analogues in the intact mouse, we observed that there 
was a large rise in the liver DPN concentration following administration of 
nicotinamide (1). The present paper deals with factors which may in- 
fluence this synthesis, and nicotinamide is compared with other compounds 
which may act as precursors of DPN in the liver and other tissues. 


Methods 


DPN was extracted from the tissues by homogenization with 5 volumes 
of cold 5 per cent trichloroacetic acid followed by removal of the denatured 
protein. When the tissue, homogenized with 5 volumes of 0.1 m KCl, was 
boiled for 1 minute, much lower DPN levels were observed, particularly 
with brain preparation. In a typical experiment the DPN value of brain 
of four mice averaged 292 (range 276 to 312) y per gm. with trichloroacetic 
acid homogenization and 133 (range 112 to 152) y per gm. with KCl homog- 
enization. Addition of 0.1 mM nicotinamide during the course of the KCl 
homogenization raised the average DPN concentration to 306 (range 291 
to 314) y per gm. In general, more reproducible results were obtained 
with trichloroacetic acid extracts, and all of the values reported here were 
obtained in this way. 

Neurospora DPNase cleaves DPN at the bond between nicotinamide 
and ribose and does not attack either nicotinamide riboside or nicotinamide 
mononucleotide (2). A method for DPN based on the alkaline fluores- 
cence of DPN and the specificity of DPNase has previously been reported 
(3). However, we employed the methyl ethyl ketone adaptation (4) of 


* Contribution No. 113 of the McCollum-Pratt Institute. Aided by grants from 
the National Cancer Institute, National Institutes of Health (grant No. C. 2374C), 
the American Cancer Society as recommended by the Committee on Growth of the 
National Research Council, and the American Trudeau Society, Medical Section of 
the National Tuberculosis Association. 
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the procedure of Levitas e¢ al. (5), which yields a fluorescence approximately 
4 times as intense as that of the alkaline fluorescence procedure. 


The procedure for DPN assay was carried out as follows. One aliquot | 


of the extract was treated directly with the methyl ethyl ketone reagents 


and a second sample was treated with the purified Neurospora DPNase in © 
0.1 m sodium acetate. The difference in fluorescence between the treated | 


and untreated samples can be used to estimate the amount of DPN. Tri- 
phosphopyridine nucleotide (TPN) is split by the enzyme as well as 
DPN (2). Hence the results reported in this paper include both DPN 


and TPN and are given as DPN. We have found that TPN represents | 
about 15 per cent of the total pyridine nucleotides of normal mouse liver. | 


_ Treatment of tissues with trichloroacetic acid results in the destruction 
of reduced DPN (DPNH). A rough estimation of reduced DPN in mouse 
liver was made by boiling the tissue in 0.1 m KCI-0.1 m nicotinamide me- 
dium. A value for reduced DPN of 80 y per gm. of fresh liver was ob- 


tained as compared to a value for oxidized DPN of 380 y per gm. The | 


reduced DPN was assayed after oxidation with a DPNH oxidase from 
Clostridium kluyverit (6) by measuring the increase in DPN with the com- 
bined methyl ethyl ketone-Neurospora DPNase test system. Since the 
reduced DPN represents only about 20 per cent of the total pyridine nucle- 
otides, we have not included the values for the reduced coenzymes in our 
results. The changes reported in this paper are of such a magnitude that 
the DPNH values are not considered significant in the interpretation of 
the current data. 

Nicotinamide was determined by the Hofmann degradation procedure 
used by Holman (7). We have found that nicotinamide in DPN will also 
react in this method to give approximately 55 per cent of the value per 
mole as free nicotinamide. 

Experiments were conducted with 2 to 3 month-old (BALB/cAN- 
xDBA/2J)F1 hybrid male mice, 18 to 22 gm. They had been raised on an ad 
libitum diet of Purina laboratory chow. The mice were randomized in 
each experiment. The feed was withdrawn at the time of injection from 
the experimental mice and their corresponding non-injected controls. 
This was done to prevent any possibility of unequal dietary intake during 
the experimental period. 6-Mercaptopurine and 8-azaguanine were ad- 
ministered subcutaneously. The remaining drugs were administered in- 
traperitoneally, unless otherwise indicated. In experiments for which 24 
hour time curves were developed, the injections were staggered so that the 
animals were sacrificed at one time. Sacrifice was by cervical dislocation. 
The tissue was removed rapidly, blotted to remove excess blood, weighed, 
and immediately homogenized in trichloroacetic acid. 
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DPN (Pabst’), deamino DPN (prepared from DPN by nitrous acid 
treatment (8)), nicotinamide (Nutritional Biochemicals), nicotinic acid 
(Nutritional Biochemicals), and yeast adenylic acid (mixture of 2’- and 
3’-adenylic acid, Schwarz) were prepared in aqueous solution and neutral- 
ized with NaOH for injection. p.i-Tryptophan (Nutritional Biochemicals) 
and 8-azaguanine (generously supplied by Dr. J. M. Smith, Calco) were 
suspended in 1 per cent carboxymethylcellulose generously supplied by Dr. 
H. G. Petering (Upjohn). 6-Mercaptopurine was generously supplied by 


DPN 


TIME IN HOURS 
Fic. 1. Effect of nicotinamide injection on the DPN content of mouse liver. All 
animals were injected intraperitoneally with the indicated amounts in mg. per kilo 
of body weight. ©, mice injected with saline. Each point is the average of three 
mice. The values are in micrograms per gm. of fresh tissue. 


Dr. G. H. Hitchings (Wellcome Research Laboratories). It was dissolved 
in dilute NaOH and adjusted to pH 8 to 9 with HCl. 


Results 


Effect of Administration of Nicotinamide—Following various doses of 
nicotinamide, there were a marked elevation and subsequent decline in the 
concentration of DPN in mouse liver tissue (Fig. 1). The time at which 
maximal concentration was reached (8 to 16 hours) and the extent of maxi- 
mal concentration were influenced by the dose of nicotinamide (Fig. 1). 
The greatest maximal response was observed at dose levels of 500 and 1000 


‘Some of the DPN employed in these studies was generously supplied by the 
Pabst Laboratories. 
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mg. per kilo of nicotinamide. 500 mg. per kilo of nicotinamide consis- Tt 
tently produced increases of 9- to 12-fold in DPN in 8 to 12 hours (Figs. 
1, 3, and 4) and this dose and time were utilized in most of the experiments. | 
The injection of 250 mg. per kilo of nicotinamide gave a maximal DPN 
concentration which was 75 per cent as high as that of the groups receiv- 
ing 500 or 1000 mg. per kilo. With 2000 mg. per kilo of nicotinamide, the | 
peak of DPN concentration was reached prior to and was less than half of | 
that observed with 500 or 1000 mg. per kilo of nicotinamide. It is of in- | 
terest that this level of nicotinamide (2000 mg. per kilo) not only was above for 


TABLE I 


Changes in Absorption at 260 mp for Acid-Soluble Components of Liver after 
Nicotinamide Injection 


All values are expressed per gm. of fresh liver. 


. following! Hrs. Increase i 
a a Enzymatic Exot Enzymatic Exot enzymatic calculated 
change | 
2 481 137 2 2900 200 2419 2280 tim 
4 445 148 4 3360 211 2915 2280 
8 466 140 s 4630 236 4164 3490 
12 430 142 12 4300 226 3870 3000 
16 460 133 16 2210 197 1750 2320 | 
24 410 128 24 385 136 —25 224 een 
* DPN by Neurospora DPNase. oa 
t E2so = calculated E29 per gm. of fresh liver. E represents the optical density aes 
of a solution in a cuvette with a light path of 1 cm. 
t Calculated from the extinction value of 18.0 X 10° sq. cm. per mole for oxidized iia 
DPN (9). 
the optimal dose range for synthesis of DPN, but also produced toxic 
symptoms in the mice (1). 
Nature of Pyridine Nucleotide Synthesized—The values reported in Fig. 
1 as DPN represent DPN plus TPN. Assay at the peak point (500 mg. a 
per kilo of nicotinamide) for DPN by yeast alcohol dehydrogenase gave A 
values which were equivalent to approximately 95 per cent of the total ge 
fluorescence. Hence, only a small amount of the newly generated pyridine ade 
nucleotides represents TPN or other nucleotides. Very little reduced sol 
DPN was found in the livers of injected mice. of : 
The total fluorescence was almost completely removed by treatment inc 
with Neurospora DPNase, indicating that there was little or no nicotin- ris 
amide mononucleotide or riboside. All of the nicotinamide observed with no 
the Holman procedure (7) could be accounted for as nicotinamide in DPN. mp 
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There was no evidence of free nicotinamide in the liver at any time follow- 
ing the injection of 500 mg. per kilo of nicotinamide. 

Origin of Adenylic Acid in DPN—Synthesis of DPN also produced an 
increase in acid-soluble adenine (Table I), indicating that the additional 


TABLE II 
DPN Content of Brain, Muscle, and Testis after Injection of Nicotinamide 


Nicotinamide administered intraperitoneally (500 mg. per kilo). The values are 
for fresh tissue. 


Hrs. Brain DPN Muscle DPN Testis DPN 
vy per gm. y per gm. y per gm. 
4 280 450 131 
8 306 465 182 
12 304 436 170 
24 290 425 151 
Control 222* 425 126 


* Although this control value is lower than the range of control values in Table 
III, it should be noted that these are separate experiments performed at different 
times. 


TaBLeE III 
DPN Content of Kidney, Brain, and Spleen after Injection of Nicotinamide 
DPN values obtained from kidney, brain, and spleen tissue of four normal mice 
compared to those from tissues obtained from four comparable mice 13 hours after 
the mice were injected intraperitoneally with 500 mg. per kilo of nicotinamide. All 
values are in micrograms per gm. of fresh tissue. 


Kidney Brain Spleen 
Control Nicotinamide Control Nicotinamide Control Nicotinamide 
489 1290 240 269 155 338 
645 1310 233 282 175 338 
570 1140 227 282 190 282 
570 1245 227 254 240 410 
Average...... 568 1246 232 272 190 342 


adenine did not come from acid-soluble adenine in the liver. The acid- 
soluble adenine was determined by the absorption at 260 my after removal 
of the trichloroacetic acid with ether. It may be noted (Table I) that the 
increase in DPN was associated with a significant change at 260 mp. The 
rise at 260 mu can be accounted for by the increase in DPN. There was 
no free nicotinamide, since there was no increase in optical density at 260 
my on addition of acid (10). 
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Effect of Route of Administration of Nicotinamide on Liver DPN Synthe- 
sts—A close correspondence in the kinetics of the increase in the liver DPN 
was observed whether the nicotinamide was administered intravenously, 
subcutaneously, or intraperitoneally. In one experiment the range of 
readings of DPN (micrograms per gm.) for the three routes, at a series of 
intervals following administration of nicotinamide (500 mg. per kilo), was 
at 0 hour, 480 to 525; 1 hour, 1820 to 2250; 2 hours, 2400 to 2730; 4 hours, 
3560 to 3900; 6 hours, 4165 to 4220. 

Synthesis of DPN in Other Tissues—Following administration of nico- 
tinamide (500 mg. per kilo), little change in the DPN level was observed 
in brain, muscle, or testis (Tables II and III). The same dose of nicotin- 
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O i 1 i 


8 I6 24 
TIME IN HOURS 


Fic. 2. DPN content of leucemia (L1210) after administration of 500 mg. per 
kilo of nicotinamide. The mice were injected intraperitoneally. Each point is the 
average of two animals. The values are in micrograms per gm. of fresh tissue. 
The tumor tissue was taken from the local tumor at the site of inoculation of the leu- 
cemic cells. 


amide elicited a 2- to 3-fold increase in DPN in kidney and spleen after 13 
hours (Table III). This rise was followed by a sharp decrease similar to 
that observed with liver and, after 24 hours, the DPN was reduced to the 
level of that in control kidney and spleen. 

Formation of DPN in Tumor Tissues—Injection of nicotinamide (500 
mg. per kilo) into leucemic (L1210) mice resulted in more than a 2-fold 
increase after 4 hours in the DPN content of the leucemic tumor tissue 
(Fig. 2). After 24 hours the DPN levels were close to those of the unin- 
jected controls. 

Experiments were performed with sarcoma (S37 tumor, 15 days growth) 
and the Bashford carcinoma (C63 tumor, 25 days growth). The average 
DPN content, in micrograms per gm., of the two transplantable mouse 
tumors 3 hours after the mice were injected intraperitoneally with 500 mg. 
per kilo of nicotinamide and normal saline, respectively, was for S37 tumor, 
194 (range 120 to 248) and 53 (range 24 to 67), for C63 tumor, 143 (range 
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120 to 168) and 38 (range 36 to 41). Each average is for three tumors. 
The control neoplastic tissues, as indicated by the above values, contained 
very little DPN. 3 hours after the administration of nicotinamide (500 
mg. per kilo) to the mice, there was a 4-fold increase in the concentration 
of the coenzyme in the tumors. Additional studies are in progress to deter- 
mine whether extensive DPN synthesis is characteristic of tumors in gen- 
eral. 


NICOTINAMIDE 


2- NICOTINAMIDE + 
MERCAPTO PURINE + AMP 


3-NICOTINAMIDE + 
MERCAPTO PURINE 


DPN 


8 16 24 40 


TIME IN HOURS 

Fig. 3. Effect of 6-mercaptopurine on the DPN content of liver after injection of 

nicotinamide. 500 mg. per kilo of nicotinamide given intraperitoneally; 300 mg. 

per kilo of 6-mercaptopurine given subcutaneously. Adenylic acid (AMP) was 

given at 500 mg. per kilo intraperitoneally. The values are in micrograms per gm. 
of fresh tissue. 


Effect of 6-Mercaptopurine on DPN Synthesis from Nicotinamide—6-Mer- 
captopurine exerted an inhibitory effect on the course of DPN synthesis 
in the liver (Fig. 3). It also retarded the subsequent decrease of synthe- 
sized DPN in the liver. At 28 hours, the concentration of DPN in the 
mice injected with nicotinamide plus 6-mercaptopurine remained over 3 
times as high as that in the animals injected with nicotinamide. Adminis- 
tration of the purine antagonist alone had little influence on the liver DPN 
content. Injection of yeast adenylic acid, which had been found to block 
the toxicity of 6-mercaptopurine (11), partially overcame the effect of the 
6-mercaptopurine on the liver DPN synthesis and breakdown. The ex- 
periment in Fig. 3 has been repeated several times with substantially 
identical results. 
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In preliminary studies 8-azaguanine also appeared to inhibit the syn- 
thesis and subsequent decrease of DPN after the injection of nicotinamide. 

Effect of Injection of Nicotinic Acid and DPN—Injection of nicotinic 
acid (500 mg. per kilo), tryptophan (1000 mg. per kilo), or DPN at a simi- 
lar molar concentration to nicotinamide (2000 mg. per kilo) resulted in 
considerably less synthesis of DPN than that observed following injection 
of nicotinamide (500 mg. per kilo) (Fig. 4). With tryptophan and with 
DPN, the peak of DPN synthesis occurred earlier than with nicotinamide 


6000 
NICOTINAMIDE 
4000F 
Q 3000F 
2000F DPN NICOTINIC 
ACID 


TRYPTOPHAN 
4 8 i2 I6 20 24 

TIME IN HOURS 

Fic. 4. Effect of injecting various substances on the DPN content of mouse liver. 
Nicotinamide and nicotinic acid given at 500 mg. per kilo, DPN at 2000 mg. per kilo, 
and tryptophan at 1000 mg. per kilo. The values are in micrograms per gm. of fresh 
tissue. 


or nicotinic acid. The earlier occurrence of the DPN peak with trypto- 
phan, as compared with nicotinic acid, suggests the possibility that tryp- 
tophan may be converted to DPN without passing through free nicotinic 
acid. Additional investigation is necessary to test this hypothesis. 

Effect of Injection of Deamino DPN—A comparison was made of the 
effect of injection of DPN and deamino DPN on the tissue DPN content 
of leucemic mice (Table IV). The total concentration of pyridine nucle- 
otide was 2- to 3-fold higher in the liver and kidney of animals injected 
with deamino DPN as compared with the concentration in those injected 
with DPN. The pyridine nucleotide in the tissues, following deamino 
DPN injection, could be almost completely accounted for as intact DPN. 
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The DPN was identified by the rate of reaction of the extracts in the yeast 
alcohol dehydrogenase and also by the rate of cleavage with the Neuro- 
spora DPNase. Deamino DPN reacts with the yeast alcohol dehydro- 
genase at about one-tenth the velocity of DPN (12) and is split by the 
Neurospora DPNase at approximately 5 per cent the rate of DPN (12). 
The rate of reaction of the tissue preparations from the animals injected 
with deamino DPN was identical to that of DPN in these enzyme systems. 

There was some increase in the DPN level of brain and muscle after the 
administration of either DPN or deamino DPN (Table IV). Mice given 
nicotinamide gave no appreciable increase in the concentration of DPN 


TABLE IV 
Effect of Injection of DPN and Deamino DPN on Leucemic Mice 


DPN values obtained on various tissues of leucemic (11210) mice 12 hours after 
the mice were injected with normal saline or 2000 mg. per kilo of DPN or deamino 
DPN. Each average is for fresh tissue of three mice. 


Average DPN content, 7 per gm. 
Tissue 

Saline injected DPN injected Deamino DPN injected 
668 (570-730) 1438 (1350-1501) 2276 (2050-2600 ) 
348 (278-411) 429 (338-460) 438 (411-484) 
11210 tumor.......... 142 (123-155) 159 (131-191) 235 (208-257) 
493 (445-504 ) 655 (525-750) 687 (680-722) 
278 (259-297 ) 463 (413-503) 398 (315-474) 


* The figures in parentheses represent the range. 


in these organs (Table II). This may indicate that the intact coenzyme 
can penetrate into these tissues. 

Deamino DPN was more effective than DPN in increasing the DPN 
level of leucemic (L1210) tumor tissue (Table IV). 

Similar results with deamino DPN and DPN were obtained when these 
compounds were injected into normal mice. Deamino DPN was more 
effective than DPN in increasing the DPN concentration in normal liver 
and kidney tissues. 


DISCUSSION 


The current studies show that mice on an adequate diet can readily 
synthesize DPN when injected with nicotinamide, and it is suggested that 
potent DPN synthetic systems are in operation. In liver, for example, 
close to a 10-fold increase in the pyridine coenzyme was observed following 
the administration of nicotinamide. 
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Hoagland et al. (13) have reported a rise in the pyridine nucleotide level 
of red blood cells during the oral administration of nicotinic acid to hu- 
mans. In their experiments, the pyridine nucleotide content was deter- 
mined by the V factor assay for Hemophilus, which is not specific since 
nicotinamide riboside and mononucleotide as well as DPN will promote 
the growth of this organism (14, 15). At least part of the pyridine nucleo- 
tides synthesized may have been DPN, as evidenced by increased lactic 
and malic dehydrogenase activity in the erythrocytes following nicotinic 
acid administration. In contrast to our results with mouse tissues, they 
(13) observed an increase in the pyridine nucleotide content of the red 
cells following nicotinic acid administration but not following the adminis- 
tration of nicotinamide. 

Leder and Handler (16) observed a marked rise in the pyridine nucleotide 
content of isolated human erythrocytes when the cells were placed in a 
medium of nicotinamide and glucose. The increased pyridine nucleotide 
was largely identified as nicotinamide mononucleotide and only a small per 
cent of the rise could be accounted for as DPN. In our study, the increase 
in liver pyridine nucleotide was established to be DPN, and there was no 
indication of the presence of either nicotinamide mononucleotide or riboside 
at any time following the injection of nicotinamide. 

The relatively long period (8 to 12 hours) in our studies required for 
maximal DPN synthesis suggests that some precursor of DPN is formed 
during this period. If either nicotinamide riboside or mononucleotide was 
an intermediate in the synthesis, these compounds should be present in 
fairly large amounts. That no nicotinamide mononucleotide was detect- 
able in the liver after the introduction of nicotinamide could be due to the 
rapid conversion of this compound to DPN by reaction with adenosine 
triphosphate as described by Kornberg (17). Work is now in progress to 
determine possible precursors of the liver DPN. 

The possibility was considered that the presence of free nicotinamide, 
which is known to inhibit animal tissue DPNase in vitro, might also inhibit 
the enzyme in the intact animal. Such inhibition could account for the 
increases in DPN following administration of nicotinamide. If the nico- 
tinamide concentration in the tissue were subsequently lowered, either by 
conversion to DPN or by removal to the circulation, then the inhibition of 
the DPNase would be released, and under these conditions one might pre- 
dict the observed subsequent decline of DPN. In this way, the nicotin- 
amide exchange properties of animal tissue DPNases (18) might play a 
role in regulating the DPN level. Attempts to relate the synthesis and 
subsequent decline of DPN to exchange properties of animal tissue 
DPNases have thus far been unsuccessful. No free nicotinamide was 


found in the tissues from the animals injected with nicotinamide. Fol-— 
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lowing administration of nicotinamide, all of the acid-soluble nicotina- 
mide fraction could be accounted for as DPN. Also, there was no signifi- 
cant change in DPNase activity at any time period following the adminis- 
tration of nicotinamide. There is a possibility that a lowering of blood 
nicotinamide might play a réle in the decrease of the liver DPN. One 
possible explanation for the decrease which has not been tested may be 
that the DPN may pass from the hepatic tissues into the circulation with- 
out prior cleavage. ‘The fact that relatively little increase in DPN occurred 
in the peripheral tissues, following nicotinamide injection, may rule out 
this possibility. 

It is difficult, with the available information, to interpret the effect of 
6-mercaptopurine, when injected with nicotinamide, on the liver DPN. 
The purine antagonist not only depressed the synthesis of the coenzyme, 
but also inhibited the marked fall of the newly synthesized DPN. One 
possibility, which we have considered, is that an analogue of DPN was 
formed in which 6-mercaptopurine replaced adenine. We have been un- 
able, however, to obtain any evidence for the occurrence of such an ana- 
logue.” It may be noted that the inhibition of both the synthesis and 
breakdown of the DPN and its reversal by adenylic acid are paralleled by 
toxicity studies in which the toxic manifestation of 6-mercaptopurine was 
blocked by administration of adenylic acid (19). 

The results with DPN and the deamino derivative indicate that these 
compounds may penetrate into tissues. Studies with labeled DPN are in 
progress to determine whether the DPN enters the tissue intact or is 
cleaved. The mechanism by which deamino DPN is converted to DPN 
is also under investigation. 

We feel that an important factor in the present study is the demonstra- 
tion of the feasibility of this type of biochemical study in the intact animal. 


SUMMARY 


A 10-fold increase in the concentration of liver pyridine nucleotides was 
observed following the injection of nicotinamide into mice. This rise 
reached a maximum from 8 to 12 hours after the administration of the 
nicotinamide and was followed by an abrupt lowering of the nucleotide 
concentration. The pyridine nucleotide synthesized was primarily DPN. 
Very little or no nicotinamide riboside or mononucleotide was present in 
the liver following the administration of nicotinamide. 

The concentration of nicotinamide required to produce maximal syn- 
thesis in the liver was found to be approximately 500 mg. per kilo of body 


2? This assumption is based on the fact that the additional pyridine nucleotide 
synthesized in the mercaptopurine studies reacts at the same rate with yeast alco- 
hol dehydrogenase and Neurospora DPNase as does DPN. 
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weight. The rate of synthesis was identical when the nicotinamide was 
administered intraperitoneally, subcutaneously, or intravenously. An 
elevation of DPN also occurred in spleen, kidney, and neoplastic tissues. 

6-Mercaptopurine inhibited the rise as well as the subsequent break- 
down of DPN. This was partially reversed by administration of adenylic 
acid, 

Injection of DPN and deamino DPN increased the DPN content of 
liver and kidney. Deamino DPN produced a greater increase than did 
DPN. Nicotinic acid and tryptophan also promoted an increase in liver 
DPN, but the magnitude of synthesis was much smaller than that pro- 
duced with nicotinamide. 

The results are discussed with respect to regulatory mechanisms in- 
volved in DPN synthesis and breakdown. 
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A PRESSOR MATERIAL PRODUCED BY THE ACTION OF 
PEPSIN ON CASEIN * 


By DONALD H. McGLORY, NORMAN 8. OLSEN, anp LAMAR FIELD 


(From the Research Laboratory, Veterans Administration Hospital, and the 
Departments of Biochemistry and Chemistry, Vanderbilt University, 
Nashville, Tennessee) 


(Received for publication, March 7, 1955) 


Hypertensin is a pressor polypeptide which may be important in renal 
hypertension (1). It is formed by the action of renin on a plasma globulin 
(2). Attempts to obtain a related substance by using systems better 
adapted to preparative work were initially unpromising (2), but Croxatto 
et al. (3, 4) later isolated ‘“‘pepsitensin,” a pressor material, after incubation 
of pepsin with several proteins. Of these, casein is particularly promising 
for large scale work because of its ready availability in pure form. The 
product originally obtained from casein, however, contained impurities 
which depressed blood pressure and masked pressor action to such an ex- 
tent that quantitative isolation studies were not feasible. 

This paper confirms the formation of pepsitensin, provides evidence that 
it is a true product of enzymatic action, and reports on exploratory studies 
of its isolation, in a form seemingly free of depressor substances, and on 
studies of its chemical nature. Since it resembles hypertensin significantly 
and is easily available, it is a valuable model for the study of pressor sub- 
stances derived from proteins. 


EXPERIMENTAL 


Bioassay of Pepsitensin—Pressor activity was determined by recording 
blood pressure from the carotid artery of anesthetized albino rats (0.08 
mg. of Dial-urethane per 100 gm. of body weight intraperitoneally). 1 
unit of activity was defined as an amount which elicited the same response 
as 0.1 y of epinephrine (Edman (5)); the definition minimized the effect of 
variations in animal response. The rats were heparinized (3 mg.) and 
pressor solutions were injected in 0.2 ml. volumes through a jugular vein 
cannula. An amount of epinephrine (about 0.2 +) sufficient to elicit an 
increase of 25 to 30 mm. of Hg in mean arterial blood pressure was first 
injected, and subsequent doses of test solutions were varied until a similar 
response was obtained. The animal was sacrificed when it no longer re- 


* Taken from the thesis of D. H. McGlory for the degree of Doctor of Philosophy, 
Vanderbilt University, January, 1954. 
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sponded to the test dose of epinephrine. In general, the estimated preci- 
sion of the bioassay was +3 units per mg. 

Preparation of Pepsitensin—400 gm. of casein! and 320 ml. of 3 N hydro- 
chloric acid were stirred into 20 liters of distilled water at 37-40°, and 4 
gm. of pepsin? were added. After 2 hours at 37—40°, 9 kilos of sodium 


chloride were added, precipitate was separated by filtration, and the fil- — 
trate was extracted twice with 1000 ml. of 1l-butanol. The combined — 
organic layers were concentrated at 6 mm. of Hg under nitrogen at 30° or | 
less. Filtration of the concentrate gave 205 ml. containing 4.1 gm. of | 


solid’ with an activity of 14 units per mg. 
In a procedure resembling one of Skeggs ef al. (6), the concentrate was 
placed on a 4.3 X 30 cm. column of alumina (acid-washed and reactivated), 


and elution was effected with 9:1 methanol-water. 800 ml. of effluent — 


were collected. The last portion showed a weak phosphotungstic acid 
test ;‘ this portion (200 ml.) contained 0.55 gm.* of residue (40 units per 
mg.). 

When the phosphotungstic acid test became negative, water was passed 

through the column, and, after 300 ml. of additional effluent, a strongly 
positive phosphotungstic acid test was again obtained. Effluent collected 
from this point until the test became relatively weak (400 ml.) was con- 
sidered to contain the pepsitensin (1.98 gm.,’ 38 units per mg.). This 
solution (400 ml.) was concentrated as before (but below 16°) to 30 ml. 
The pH was adjusted to 9.2 with 1 N sodium hydroxide, and the precipi- 
tate (50 mg., 11 units per mg.) was separated by centrifugation. 
_ The supernatant fluid was adjusted to pH 5.7 with 1 n hydrochloric acid 
(content then 1.7 gm., 17 units per mg.) and was placed on a 1.7 X 16 
em. column® of Amberlite XE-64. Elution was effected with 0.005 n 
hydrochloric acid until the phosphotungstic acid test, which became briefly 
positive, had again become negative, and then with 0.1 N hydrochloric 
acid. When a total volume of 160 ml. had been collected (0.78 gm.,? 2 
units per mg.), the test became strongly positive for a second time. Sub- 
sequent effluent was then collected as a fraction of 75 ml. (0.690 gm., 27 
units per mg.) and of 48 ml. (0.607 gm., 32 units per mg.), after which the 
test became relatively weak. 

Amberlite IR-4B (OH- cycle) was added to the last fraction (48 ml.) to 


1 “Vitamin-free”’ casein, Nutritional Biochemicals Corporation, Cleveland, Ohio. 

2 Pepsin, N. F., powder, Eli Lilly and Company, Indianapolis, Indiana. 

3’ Weight determined by evaporation of an aliquot. 

‘A test was considered positive when addition of 0.5 ml. of 3 per cent phospho- 
tungstic acid to 0.5 ml. of solution gave an immediate precipitate. 

5 Previously conditioned by several alternating passages of hydrochloric acid and 
sodium hydroxide, and left on the H* cycle. 
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adjust the pH to 5 to6. The solution was decanted from the resin, which 
was then washed with water. The combined solution and wash water were 
lyophilized and 307 mg. of white powder obtained (43 units per mg.). 
This final product was mixed with those of similar runs, and all further 
work was done on the composite mixture. 

Time of Incubation—Time was determined by incubating 10 gm. of 
casein, 0.1 gm. of pepsin, 8 ml. of 3 .N hydrochloric acid, and 500 ml. of 
water, and extracting the product as described with 1-butanol after satura- 
tion with sodium chloride and filtration of protein. Periods of 0.5 and 1 
hour gave a product with less than 5 units per mg. A 2 hour period gave 
a total of 2800 units, 14 units per mg.; a 4 hour incubation gave the same 
total of units, but the activity was only 11 units per mg. 

Acid Hydrolysis of Casein—Pressor material, presumably pepsitensin, 
was also obtained by heating 25 gm. of casein with 500 ml. of 1 N hydro- 
chloric acid at 83-89° for 7 hours. Although the total activity equaled 
that obtained by incubation with pepsin at 37—40°, the product had an 
activity of only 3 units per mg. and was dark brown. 

Separate Incubation of Casein and Pepsin—Water (500 ml.) and 3 N 
hydrochloric acid (8 ml.) were incubated at 37° for 3 hours with 10 gm. 
of casein and with 0.1 gm. of pepsin. Extraction by the use of sodium 
chloride and 1-butanol then gave 81 and 83 mg., respectively. No increase 
in blood pressure was caused by 0.8 mg. of either residue. 

Properties of Pepsitensin® Composition—The material contained no sulfur 
or phosphorus, and the content of nitrogen was 12.31 per cent and halogen’ 
(as chloride) 11.63 per cent. 

Dialysis—A solution of 50 mg. of pepsitensin in 5 ml. of water was 
dialyzed in cellophane against 5 ml. of water for 27 hours at 5°; the dried 
dialysate contained 26 mg. of residue* (40 units per mg.). Repetition of 
the procedure with the residue (27.3 mg., 40 units per mg.) gave a similar 
result. Dialysis of 10 mg. of pepsitensin against running water for 53 
hours left only 0.8 mg. of inactive residue. 

Lability—Pepsitensin (1 mg.) heated in water (1 ml.) at 100° for 24 
hours decreased in activity from 40 to 20 units per mg. Similar solutions 
containing 1 ml. of 0.2 N sodium hydroxide or hydrochloric acid could be 
heated at 40° for 24 hours with a negligible change in activity. Irradia- 
tion of 1 mg. of the preparation in 4 ml. of water with ultraviolet light for 


6 An effort to assess the homogeneity of the pepsitensin by electrophoresis in ace- 
tate buffer (pH 4.6, 3.5°) gave rather ambiguous results. Although only two peaks 
were obtained with the purified sample, in contrast to five for the crude material in 
the 1-butanol concentrate, the lack of a suitable initial boundary obviates any con- 
clusions as to homogeneity. 

7 Clark Microanalytical Laboratory, Urbana, Illinois. 
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24 hours at about 50° caused a decrease in activity from 40 to 10 units per 


mg. I 
Spectra—The infra-red spectrum (Fig. 1) was kindly determined by Dr. __' 
Kk. A. Jones, Department of Physics, Vanderbilt University, by the use | c 
t 
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Fic. 1. Infra-red absorption spectrum . 
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Fic. 2. Ultraviolet absorption spectrum 
of a Nujol mull between potassium bromide plates in a Perkin-Elmer Q 
model No. 21 spectrophotometer. The ultraviolet absorption spectrum b 
(Fig. 2) was determined by using aqueous solutions and a Beckman model l 
DU spectrophotometer; logio [Jo//]| readings taken at 5 my intervals from b 
a solution containing 1 mg. of pepsitensin per ml. were plotted directly as ) t 
Ey.."* @, and those from a solution of 10 mg. per ml. were recalculated n 
to this concentration. c 
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Hydrolysis and Chromatography—A 50 mg. sample of pepsitensin was 
hydrolyzed with hydrochloric acid, and 100 y aliquots of the hydrolysate 
were subjected to one-dimensional chromatography with phenol (five spots 
obtained) and lutidine-collidine (seven spots obtained) systems according 
to the methods of Block et al. (7). Acidic solutions of amino acids which 
were possible components of the hydrolysate were chromatographed simul- 
taneously on the same sheets with the hydrolysate. Eleven amino acids 
were possibilities in both the phenol and the lutidine chromatograms. 

Two-dimensional chromatography of a 50 y aliquot of hydrolysate with 
the phenol and lutidine-collidine systems gave eight spots. Ten spots 
resulted with a 100 y sample; the two new spots were well developed, al- 
though some of those previously identified were blurred. One of the eleven 
spots suggested by the one-dimensional work, therefore, could be elimi- 
nated. One of the ten spots in the two-dimensional chromatograms could 
have been either arginine or lysine; since development with Sakaguchi re- 
agent in another experiment gave a spot identical in Ry value and color 
with an arginine control, the questionable spot was evidently arginine and 
not lysine. Unhydrolyzed pepsitensin (100 y) gave only a single (streaked) 
spot upon two-dimensional chromatography. 


DISCUSSION 


Our attempts to produce pepsitensin by the reported procedure (4) were 
unpromising. Pressor material consistently was obtained, however, when 
a peptic digest of casein was saturated with salt and extracted with 1-bu- 
tanol, a procedure which selectively separates hypertensin (8). The crude 
pepsitensin thus isolated is not coagulated in 10 per cent aqueous solution 
at 100° during 10 minutes; the starting materials, casein and pepsin, are 
coagulated in less than 1 minute. 

Since incubation of casein or pepsin alone under the conditions used for 
forming pepsitensin yielded no pressor material, pepsitensin is evidently a 
true product of the peptic hydrolysis of casein and not an autolytic product 
from either casein or pepsin. Prolonged and vigorous acid hydrolysis of 
casein did produce pressor material, but it was much lower in activity and 
highly impure. 

Chromatography of crude pepsitensin on alumina gave two fractions of 
about the same unit activity. The larger was adjusted to pH 9 to 10, and 
base-insoluble material was removed; although this procedure resulted in 
loss of total activity, it seemed desirable because of the separation of the 
base-insoluble contaminant. Acid elution from an ion exchange column 
then gave two fractions. The more active, chosen for further work, after 
neutralization and lyophilization had pressor activity exceeding that of the 
crude material in the 1-butanol extract by 3-fold. While the pressor ac- 


se | 
| 
| 
| 
| 


304 PEPSITENSIN 


tivity per mg. was not enhanced greatly by the above procedure, each of 
the steps should have narrowed down the type of compound or compounds 
finally present. 

The purified pepsitensin produces graded pressor responses with graded 
doses, elicits the maximal blood pressure elevation possible, and does not 
exhibit tachyphylaxis. Blood pressure tracings show no indication of the 
presence of depressor materials in any instance, either from the most 
purified fraction or the crude 1-butanol extract. Similar results to those 
reported for the rat were obtained by using the anesthetized cat. 

Pepsitensin is relatively stable in both mildly acid and alkaline solution. 
Loss of pressor activity occurs at 100° and under ultraviolet irradiation, 
although even then inactivation is slow. 


The infra-red spectrum is consistent with the view that pepsitensin is a — 


polypeptide. The ultraviolet spectrum is qualitatively similar to that re- 
ported for hypertensin by Edman (5). 

Pepsitensin contains at least ten amino acid residues. Those considered 
most probable are proline, phenylalanine, leucine, valine, arginine, alanine, 
tyrosine, serine, glutamic acid, and aspartic acid. The results of paper 
chromatographic methods indicate that threonine, histidine, and glycine 
are unlikely constituents of the hydrolysate. In addition, cystine and 
methionine may be eliminated, as no sulfur was present on elementary 
analysis. Since the unhydrolyzed pepsitensin showed only one discrete 
area in both one- and two-dimensional chromatograms, the ten spots ob- 
tained with the hydrolyzed material represent hydrolytic products and not 
simply amino acid or amine impurities originally present in the preparation 
before hydrolysis. The amino acids identified (and several others) have 
been found in hypertensin hydrolysates (9-11), and Paiva et al. have re- 
cently concluded that pepsitensin and hypertensin are quite similar (12). 

Our evidence suggests that pepsitensin is a polypeptide or, not improb- 
ably, a mixture of polypeptides. Peptic hydrolysates of proteins have for 
the most part a molecular weight either greater than 30,000 or less than 
2000 (13). The dialyzability and solubility in 1-butanol of pepsitensin in- 
dicate that the size of the pepsitensin molecule is most likely nearer that of 
the smaller of the two extremes. 


We are indebted to Dr. Frank Gollan of the Veterans Administration 
Hospital for instruction in the bioassay procedure and for helpful advice 
throughout this work. 


SUMMARY 


The formation of a pressor material from the action of pepsin on casein 
has been confirmed. A solid has been isolated by a method suitable for 
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large scale work, and has been purified by methods which free it from de- 
pressor substances. The material, pepsitensin, is apparently a polypep- 
tide or a mixture of similar polypeptides, and is a true product of enzymatic 
action rather than of autolysis. 


12. 
13. 
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INORGANIC TRIPHOSPHATE SYNTHESIS BY MUSCLE 
ADENYLATE KINASE* 


By IRVING LIEBERMAN 
WiTH THE TECHNICAL ASSISTANCE oF W. H. Eto 


(From the Department of Microbiology, Washington University School of Medicine, 
St. Louis, Missouri) 


(Received for publication, July 12, 1955) 


Inorganic polyphosphorus compounds larger than PP! have been found 
in some plants and lower animals (1). However, there has been no pre- 
vious indication that any of these compounds can be formed by enzymes 
from higher animals. 

When P*®-labeled ATP and PP were incubated with cell-free extracts of 
beef skeletal muscle, a small amount of an inorganic polyphosphorus com- 
pound, PPP, was synthesized. An investigation of the mechanism of 
PPP formation revealed that ADP, not ATP, acts as the phosphate donor 
(Equation 1), and that the reversible reaction is catalyzed by adenylate 
kinase (‘‘myokinase’’). 


(1) ADP + PP = A5P + PPP 


The purpose of this report is to present evidence for the reversible syn- 
thesis of PPP and for the nature of the enzyme. 


Materials and Methods 


Materials—Sodium PPP was the product of the Blockson Chemical Com- 
pany and sodium trimetaphosphate was synthesized and kindly furnished 
by Dr. D. Lipkin. Uridine triphosphate and crystalline ATP were ob- 
tained from the Pabst Brewing Company, adenosine tetraphosphate was 
kindly supplied by the Sigma Chemical Company, and A5P was obtained 
from the Sigma Chemical Company and further purified by anion exchange 
chromatography. PP*® was synthesized from P® according to the method 
of Kornberg and Pricer (2), and, after purification by anion exchange 
chromatography, was precipitated as the barium salt and converted to the 
potassium salt following treatment with Dowex 50, H+ form. ATP*, 


* This investigation was supported by a grant from the National Institutes of 
Health, United States Public Health Service. 

1The following abbreviations are used: inorganic etbiiibiadiiinis P; inorganic 
pyrophosphate, PP; inorganic tripolyphosphate, PPP; adenosine-5’-phosphate, A5P; 
adenosine diphosphate, ADP; adenosine triphosphate, ATP. 
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labeled in the two terminal phosphate groups, was prepared from A5P 
with rat liver mitochondria? and purified by the anion exchange chromato- 
graphic procedure of Cohn and Carter (3) and Kornberg and Pricer (2). 
Removal of salt and concentration were effected by adsorption and elution 
from Norit. ADP®*®, terminally labeled, and prepared from ATP® by re- 
moval of a phosphate group with hexokinase, was purified by a procedure 
similar to that for ATP”. P*-labeled creatine phosphate was synthesized 
by mixing ATP” with creatine and ATP-creatine transphosphorylase under 
conditions similar to those described by Kuby, Noda, and Lardy for the 
assay of the transphosphorylase (4). Purification was by chromatography 
on a column of Dowex 1, chloride form (2 per cent cross-linked) at 3°. Cre- 
atine phosphate was eluted with 0.01 N HCl], more than 90 per cent appear- 
ing between 3.5 and 11 resin bed volumes of eluent, and immediately 
neutralized. It contained no detectable creatine or ultraviolet-absorbing 
material. 

ATP-creatine transphosphorylase was the Fraction IV of Kuby, Noda, 
and Lardy (4), prepared according to Procedure B.* Crystalline inorganic 
pyrophosphatase (5) was obtained through the kindness of Dr. G. Perl- 
mann and Dr. M. Kunitz. Pyruvate phosphokinase was purified from 
rabbit muscle by a modification of the procedure described by Kubowitz 
and Ott (6), and hexokinase according to Berger et al. (7). 

Determinations—Orthophosphate was estimated by the method of Fiske 
and Subbarow (8) while PP, PPP, and trimetaphosphate were estimated 
as orthophosphate after hydrolysis for 10 minutes in 1 N H2SQO, at 100°. 
Creatine was determined with alkaline picrate after conversion to creatinine 
by heating (9). Creatine phosphate was measured spectrophotometrically 
with ATP-creatine transphosphorylase and ADP by the coupled hex- 
okinase-glucose-6-phosphate dehydrogenase system as an indicator (10). 
Protein was determined by the method of Lowry et al. (11), P®? being meas- 
ured with a gas flow counter after the samples were dried in dishes. 


Enzyme Assays 


PP Kinase Activity—-PPP formation was measured as the Norit non-ad- 
sorbable P® eluted from an anion exchange column after elution of essen- 
tially all the P, PP, and adenine nucleotides (and creatine phosphate, if 
present). ADP*® was supplied indirectly (ATP, creatine, and ATP- 
creatine transphosphorylase; assay system (A)) or directly (assay system 
(B)). The rate of PPP synthesis was the same with both systems. 

(A) The reaction mixtures (1.0 ml.) contained 0.1 ml. of glycine buffer 
(1 m, pH 8.5), 0.05 ml. of (0.1 m), 0.3 umole of ATP*® (approximately 


2? The mitochondria were prepared by Dr. G. Drysdale. 
§ Generously supplied by Dr. P. Strittmatter and Dr. 8. F. Velick. 
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2 X 10° c¢.p.m.), 0.1 ml. of NaPP (0.1 mM, pH 8.5), 0.1 ml. of creatine (0.05 
m), 0.8 unit of ATP-creatine transphosphorylase, and the enzyme prepara- 
tion containing 20 to 160 units of adenylate kinase. 

(B) Reaction mixtures (1.0 ml.) with ADP® (0.3 umole, approximately 
10° c.p.m.) were the same as with ATP, except that creatine and ATP- 
creatine transphosphorylase were omitted. 

After 30 minutes at 36°, 1 ml. of water was added, and the reaction mix- 
tures were heated in a boiling water bath for 2 minutes. The cooled super- 
natant solutions obtained by centrifugation were chromatographed on 
columns of Dowex 1, chloride form (2 per cent cross-linked, height 1.5 em., 
diameter 1 cm.) at 3° with the aid of a glass manifold, as previously de- 
scribed (12). The columns were washed with 50 ml. of a solution of 0.01 
n HCI-0.1 m KCl, collected at a rate of 1 ml. per minute; PPP was eluted 
with 3 ml. of 1 Nn HCl. To remove any P®*® labeled-adenine nucleotides 
present in the second effluents, 0.02 ml. of unlabeled PPP (0.1 m) and 0.05 
ml. of a 30 per cent suspension of Norit A were added to 1.0 ml. aliquots. 
After 2 minutes at 0°, the Norit was removed by centrifugation and radio- 
activity measurements were made on 0.5 ml. aliquots of the supernatant 
solutions. 

Under the conditions of the standard assay, with the partially purified 
enzyme preparations (see below), the rate of PPP synthesis was propor- 
tional to the amount of enzyme. Thus, 0.000, 0.008, 0.018, 0.035, and 
0.072 umoles of PPP were formed with 0, 0.015, 0.03, 0.06, and 0.12 ml. 
of enzyme solution, respectively. In addition, PPP synthesis was linear 
with time for at least 30 minutes. Thus, with 0.12 ml. of enzyme solution, 
0.000, 0.011, 0.023, 0.036, 0.050, and 0.073 umoles of PPP were formed in 
0, 5, 10, 15, 20, and 30 minutes, respectively. 

Adenylate kinase activity was measured by the formation of ADP from 
a mixture of ATP and A5P with the coupled pyruvate phosphokinase-lactic 
dehydrogenase system as an indicator (13). The reaction mixtures (1.0 
ml.) contained 0.1 ml. of glycylglycine buffer (0.5 mM, pH 7.5), 0.05 ml. of 
MgCl, (0.1 mM), 0.01 ml. of potassium phosphopyruvate (0.05 m), 0.05 ml. 
of reduced diphosphopyridine nucleotide (0.002 mM), 5 units of pyruvate 
phosphokinase (contaminated with an excess of lactic dehydrogenase), 0.1 
ml. of ATP (0.001 m), 0.03 ml. of A5P (2.5 * 10-* Mm), and an amount of 
adenylate kinase to yield an optical density change of 0.020 to 0.050 per 
minute. The formation of ADP was calculated as a function of pyruvate 
appearance and measured by the decrease in optical density at 340 my 
resulting from the oxidation of reduced diphosphopyridine nucleotide. 

A unit of adenylate kinase was defined as the amount causing the phos- 
phorylation of 1 umole of A5P per hour. 

Purification of PP Kinase Activity—The operations were carried out at 
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0-3°, except as indicated. Extracts of beef muscle were prepared from 
cubes of muscle (25 to 50 gm.) which had been stored at —14°. The 
muscle was defrosted in running tap water (3 to 6 minutes), washed with 
distilled water (3°), and blotted dry. After removing the fat, the cubes 
were cut into smaller pieces and homogenized for 1.5 minutes in a Waring 
blendor in a volume of water 1.5 times the weight of the muscle. The 
homogenate was centrifuged (about 10,000 X g) for 5 minutes, and the 
insoluble residue was discarded. 

To 120 ml. of extract, 42.4 gm. of (NH4)2SO, were added and, after 5 
minutes, the precipitated material was discarded by centrifugation (3 min- 
utes at about 10,000 X g). The addition of 10.4 gm. of (NH4)2SQO, to the 
supernatant solution yielded a precipitate which was collected after 5 min- 
utes by centrifugation (3 minutes at about 10,000 X g) and dissolved in 
water to a final volume of 60 ml. The solution was dialyzed for 6 to 12 
hours against several changes of sodium acetate (0.01 mM, pH 5.9, ammonium 
sulfate fraction). 

To the ammonium sulfate fraction (60 ml.) 60 ml. of water were added 
and the solution was cooled to —1°. 90 ml. of acetone (— 14°) were added 
while the temperature was allowed to fall to —10°. Insoluble material 
was removed by centrifugation (10 minutes at about 3000 X g) in a room 
kept at —14°. To the supernatant fluid 52 ml. of acetone were added 
with the temperature maintained at —10°. The precipitate was collected 
by centrifugation, essentially freed of acetone (10 to 15 minutes in vacuo), 
and dissolved in sodium acetate (0.01 mM, pH 5.9) to a final volume of 30 
ml]. (acetone fraction). 

To the acetone fraction (30 ml.) 30 ml. of sodium acetate (0.2 mM, pH 5.9) 
were added, followed by 50 ml. of absolute ethanol (— 14°), while the tem- 
perature was allowed to fall to —9°. The precipitate was collected by 
centrifugation in a room kept at —14° (3 minutes at about 10,000 x g) 
and dissolved in sodium acetate (0.01 mM, pH 5.9) to a final volume of 15 
ml. (ethanol fraction). 

2.1 ml. of aged aluminum hydroxide gel Cy (14) (31.7 mg. of solids) were 
added to the ethanol fraction (15 ml.), and after 5 minutes the supernatant 
fluid was discarded by centrifugation. ‘The PP kinase activity was eluted 
with 7.5 ml. of sodium PP (0.01 mM, pH 8.5; aluminum hydroxide gel frac- 
tion). 

Purification of Enzymatically Synthesized PPP®—To purify the enzy- 
matic product, reaction mixtures were first chromatographed on columns 
of Dowex 1, chloride form (2 per cent cross-linked, height 5 cm., diameter 
1 cm., eluent = 0.01 Nn HCI-0.1 m KCl) at 3°. To the neutralized PPP 
eluate (35 to 65 resin bed volumes of eluent) were added unlabeled PPP 
(10 to 20 umoles), 0.3 ml. of glycine buffer (1 mM, pH 8.5), 0.1 ml. of satu- 
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rated barium acetate, and 1 volume of absolute ethanol (—10°). After 
15 minutes at 0° the precipitate was collected by centrifugation, washed 
twice with ethanol, and dried in vacuo. The barium salt was suspended 
in water (2 to 3 ml.), dissolved by the addition of HCl, and the solution 
passed through Dowex 50, H+ form (resin bed volume of 2 ml.). After 
neutralization, the partially purified material was rechromatographed on a 
column of Dowex 1, chloride form (2 per cent cross-linked, height 3 cm., 
diameter 1 cm., eluent = 0.035 n HCI-0.1 m KCl) at 3°. PPP was gen- 
erally eluted between 17 and 40 resin bed volumes of this eluent, as deter- 
mined by measurements of acid-labile phosphate and radioactivity. The 
peak fractions were combined and treated with barium. After conversion 
to the potassium salt, the solution was subjected to final chromatography, 
identical with the initial one. Salt was removed by barium precipita- 
tion. The final preparation contained 50 to 80 per cent of the radio- 
activity present in the initial eluate. 


Results 


Identification of Reaction Product As PPP—To obtain evidence that the 
reaction product was PPP, the chromatographic behavior of the radio- 
active material in a purified sample was compared with that of the carrier 
PPP (Table I). The elution patterns were found to be identical. 

The radioactive, enzymatic product was easily distinguished from tri- 
metaphosphate, ATP, and adenosine tetraphosphate by anion exchange 
chromatographic analysis of a mixture of the four compounds (eluent = 
0.05 n HCl-0.1 m KCl). The peaks were found at 5, 16, 24, and 48 resin 
bed volumes of eluent for ATP, PPP, adenosine tetraphosphate, and tri- 
metaphosphate, respectively. ‘The product could be readily distinguished 
from uridine triphosphate by treating a mixture of the two compounds 
with Norit. Under conditions whereby more than 99 per cent of the 
uridine nucleotide was adsorbed (estimated spectrophotometrically at 260 
my), less than 5 per cent of the radioactivity was removed. 

Further evidence for the nature of the enzymatic product was obtained 
by comparing its rate of acid hydrolysis with that of authentic PPP. As 
shown in Table II, the hydrolysis rates were essentially identical. 

Influence of PP on Reaction Rate—In the absence of added PP, no PPP 
was formed. Inorganic orthophosphate was incapable of satisfying the 
PP requirement. When PPP was used in place of PP, anion exchange 
chromatography of the reaction mixture revealed no inorganic tetraphos- 
phate. For a maximal rate of PPP synthesis relatively large amounts of 
PP were required. Thus, with no PP and with 2, 3, 4, 6, and 8 x 10-3 
mM PP, 0, 4, 20, 37, and 72 mumoles of PPP, respectively, were synthesized. 

The incorporation of PP into PPP was studied by carrying out the reac- 
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TABLE I 
Chromatographic Identification of PPP As Reaction Product 

The P*-labeled compound presumed to be PPP was prepared from ATP*® with the 
aluminum hydroxide gel fraction and purified as described under ‘‘Materials and 
methods.’’ The solution, containing 7.67 wmoles of PPP and 60,525 ¢.p.m., was 
chromatographed on a column of Dowex 1, chloride form (2 per cent cross-linked, 
height 3 cm., diameter 1 cm., eluent = 0.01 nN HCl1-0.1 m KCl) at 3°. 96.9 per cent 
of the phosphorus and 98.6 per cent of the radioactivity applied to the column were 
recovered in Fractions 21 to 43 (33 to 67 resin bed volumes of eluent). 


Fraction No. C.p.m. per ml. wmole PPP per ml. C.p.m. per ymole PPP 

19 0 0.000 

21 54 0.003 

23 114 0.012 9 ,500 
25 486 0.063 7,714 
27 950 0.113 8,416 
29 1008 0.123 8,195 
31 996 0.130 7,662 
33 1008 0.130 7,754 
35 858 0.107 8,019 
37 510 0.067 7,612 
39 302 0.037 8,162 
43 124 0.012 10,330 

TABLE II 


Comparison of Rates of Hydrolysis of PPP and Reaction Product 


A mixtureof P*?-labeled reaction product and unlabeled PPP which had been puri- 
fied together by anion exchange chromatography (see ‘‘Materials and methods’’) 
was adjusted to pH 4.1 with HCI (0.1 N) and incubated in a boiling water bath. At 
the times indicated, 1.0 ml. aliquots (containing 5.10 uzmoles of phosphate and 11,200 
c.p.m.) were removed, cooled, and neutralized by the addition of 0.1 ml. of glycyl- 
glycine buffer (0.56 mM, pH 7.5). To the neutralized samples were added 0.05 ml. of 
MgCl: (0.1 m) and 0.001 mg. of inorganic pyrophosphatase. After 15 minutes at 36°, 
the mixtures were chromatographed on columns of Dowex 1, chloride form (2 per cent 
cross-linked, height 2 cm., diameter 1 cm.) at 3°. Elution was with 18 ml. of a solu- 
tion of 0.01 n HC1-0.05 m KCl, which removed the P but not the PPP. Measure- 
ments of P and radioactivity were made on the eluates. 


Time of hydrolysis P Radioactivity Total phosphorus | Total radioactivity 
min. pmoles C.p.m. per cent per cent 
0.00 0 
15 1.57 3530 30.8 31.5 
30 2.68 6130 52.5 54.7 
45 3.66 8150 71.8 72.8 


* Not treated with inorganic pyrophosphatase. 
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tion under the conditions of the standard assay, except that PP* was used 
and the ATP was unlabeled. The enzyme preparation was a sample of 
ethanol fraction (see ‘‘Materials and methods”) which had been heated at 
80° for 3 minutes at pH 2.4. PPP synthesis was measured according to 
the standard procedure but, to obtain a better separation of PP and PPP, 
the resin columns were larger (height 5 cm., diameter 1 cm.), and elution 
with the solution of 0.01 nN HCIl-0.1 m KCl (180 ml.) was slower (13 ml. 
per hour). When the radioactive substrate was PP, 0.065 umole of PPP 
was formed as compared to 0.066 umole with ADP*®. 


TABLE III 
ADP, Phosphate Donor 


The reaction mixtures (1.0 ml.) contained glycine buffer, MgCl., and PP as for the 
standard assay. ATP*® (0.3 umole, 670,000 c.p.m. per umole), ADP* (0.3 umole, 
334,000 c.p.m. per umole), creatine (5 wmoles), creatine kinase (0.8 unit) (4), and 
A5P (1.4 umoles) were added as indicated. In addition, each tube received 0.12 ml. 
of aluminum hydroxide gel fraction (see ‘‘Materials and methods’’) containing 174 
units of adenylate kinase. PPP was estimated as described for the standard assay. 


Additions PPP 
myumoles 


ADP, Phosphate Donor—Evidence for the réle of ADP as the phosphate 
donor in PPP formation is presented in Table III. In Table III, with 
ATP, except under conditions by which it could be converted to ADP, a 
negligible phosphorylation of PP occurred. Thus, starting with ATP, the 
addition of creatine and creatine kinase, or A5P markedly stimulated PPP 
synthesis. With ADP, on the other hand, phosphorylation of PP occurred 
with no further additions. 

Like ATP, creatine phosphate-P® appeared to be incapable of serving 
as a phosphate donor to PP under conditions whereby ADP® could not be 
formed. Thus, with P*®-labeled creatine phosphate (0.2 umole, specific 
activity 331,000 c.p.m. per umole) anion exchange chromatography of the 
reaction mixture yielded only 670 c.p.m. in the PPP area. While the addi- 
tion of ADP (0.3 umole) caused no increase (726 c.p.m.), the addition of 
ADP- and ATP-creatine transphosphorylase led to a marked stimulation 
of labeled PPP synthesis (4020 c.p.m.). The sequence of reactions with 
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TABLE IV 
Comparison of PP Kinase and Adenylate Kinase Activities in 
Various Enzyme Fractions 
PP kinase and adenylate kinase activities were measured as described under 
‘‘Materials and methods.’’ The values are given as units per mg. of protein. 


Specific activity 
Enzyme fraction Ratio 
PP kinase* _ Adenylate kinase 
Ammonium sulfate................ 0.16 182 1138 
Aluminum hydroxide gel.......... 6.26 6860 1096 
Heated ethanolf................... 0.86 912 1060 


*A unit of activity is defined as the amount causing the phosphorylation of 1 
umole of PP per hour under standard assay conditions. 
t Fraction heated at 80° for 3 minutes at pH 2.5. 


TABLE V 
Reversibility of PP Kinase Reaction 


The experimental mixture (3.0 ml.) contained 0.3 ml. of glycylglycine buffer (0.5 
M, PH 7.4), 0.15 ml. of MgCl, (0.1 m), 30 y of inorganic pyrophosphatase, 0.3 ml. of 
potassium PPP (0.095 m, pH 7.0), 0.3 ml. of 8-C'4-A5P (3.5 X 10-3 m, 80,000 c.p.m. per 
umole) prepared as previously described (17), and 0.3 ml. of ethanol fraction (‘‘Ma- 
terials and methods’’) which had been heated at 80° for 3 minutes at pH 2.5. A con- 
trol mixture received no PPP. After incubation at 36° for 60 minutes, the mixtures 
were heated in a boiling water bath for 2 minutes and then chromatographed on 
columns of Dowex 1, chloride form (2 per cent cross-linked, height 3 cm., diameter 
1 cm.) at 3°. Essentially all the A5P was eluted with 60 ml. of 0.01 n HCI; radioac- 
tive material remaining on the resin was removed with 4 ml. of 1 Nn HCl and im- 
mediately neutralized. To the neutralized eluates containing 5130 c.p.m. (with 
PPP) and 540 c.p.m.( no PPP) were added 2.0 uzmoles each of unlabeled ADP and 
ATP, and the mixtures were again placed on columns of Dowex 1, chloride form 
(height 2 cm., diameter 1 cm.) at 3°. After washing the columns with 0.01 n HCl 
(20 ml.), ADP was eluted with a solution of 0.01 n HCl-0.05 m KCl (19 ml.), and 
ATP with 0.2 n HCl (12 ml.). The chromatogram of the control reaction mixture 
yielded radioactivity in the A5P area (94 per cent of the counts applied to the col- 
umn) but none in the ADP and ATP areas. With the experimental mixture, 89 per 
cent of the counts applied to the column were recovered in the ADP area, and 6.1 
per cent in the ATP area. The adenine nucleotides were estimated spectrophoto- 
metrically at 260 my. 


Fraction No. ADP, umole per ml. C.p.m. per ml. C.p.m. per ymole ADP 
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creatine phosphate-P”, ADP, and ATP-creatine transphosphorylase is 
visualized as shown in Equations 2 to 5. 


(2) Creatine phosphate-P*? + ADP =— creatine + ATP 
(3) 2ADP = ATP + A5P 
(4) ATP? + A5P = ADP + ADP® 
(5) ADP® + PP = A5P + PPP 
TABLE VI 


Determination of Equilibrium Constant for PP Kinase Reaction 


The reaction mixtures (initial volume, 0.65 ml.) contained 50 umoles of glycyl- 
glycine buffer (pH 7.0), 1 umole of MgCle, 0.058 pmole of ATP*? (38,700 c.p.m.), and 
the indicated amounts of PP and A5P. At zero time and at six 40 minute intervals 
thereafter, 256 units of adenylate kinase (acetone fraction heated at 80° for 3 min- 
utes at pH 2.3; then adjusted to pH 7.0) were added. After 300 minutes at 36° the 
mixtures were heated in a boiling water bath for 3 minutes. PPP was estimated 
according to the standard assay procedure; ADP and PP were calculated by sub- 
tracting from the initial concentrations (0.116 wmole of ADP was assumed to be 
present at zero time) the sum of the PPP found plus the amount hydrolyzed during 
incubation (0.03 ymole). The amount of A5P was assumed to remain unchanged. 


Additions 
Experiment No. PPP found Kea.” 
PP ASP 
pmoles pmoles pmole 
1 2.0 17.2 0.031 5.0 
2 1.5 10.3 0.037 5.5 
3 2.0 10.3 0.043 5.4 
4 2.0 5.16 0.054 4.5 
Average..... 5.1 


* The values calculated from the results obtained with identical reaction mixtures 
incubated for a shorter time (240 minutes) were 4.5, 5.4, 5.3, and 5.3 for Experiments 
1 to 4, respectively. 


Identity of PP Kinase and Adenylate Kinase—The similarity of the 
adenylate kinase-catalyzed dismutation of ADP and the phosphorylation 
of PP by ADP suggested that the same enzyme might be responsible for 
both reactions. This possibility was investigated by assaying enzyme frac- 
tions of different purities (see ‘‘Materials and methods’’) for the two ac- 
tivities. The ratios of the two activities were found to remain constant 
during the purification procedure (Table IV). Further, when one of the 
fractions was heated at 80° for 3 minutes at pH 2.5, as shown in Table IV, 
less than 30 per cent of the PP kinase activity was lost, and the ratio of 
the adenylate kinase and PP kinase activities was unaltered. 
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Reversibility of PP Kinase Reaction—The reversibility of the reaction 
was studied with C'-labeled A5P and unlabeled PPP. Ion exchange chro- 
matography of the reaction mixture revealed the formation of ADP (Table 
V). When PPP was omitted, no ADP synthesis occurred. 

Determination of Equilibrium Constant for PP Kinase Reaction—The 
equilibrium of the reversible phosphorylation of PP was studied, starting 
with ADP® (added as A5P plus ATP”) and PP. To avoid a very slow 
reaction rate, PP was added in relatively large amounts, and it was neces- 
sary to add A5P to prevent the reaction from going to completion. Under 
these conditions, steady state concentrations of PPP were reached, which 
appeared to represent equilibria (Table VI). Ay. was estimated to be 
approximately 5. 


DISCUSSION 


The ability of beef muscle adenylate kinase to catalyze a transphos- 
phorylation from ADP to PP raises the question whether PPP synthesis 
occurs in higher animals. The low reaction rate with PP (only about 0.1 
per cent of that obtained with an adenine nucleotide as phosphate accep- 
tor), coupled with the relatively large PP requirement for a maximal rate 
(0.006 m), cast considerable doubt on the natural réle of ““myokinase” as a 
PP kinase. On the other hand, the possibility remains that conditions 
occur in muscle or other tissues which favor the PP kinase activity of 
adenylate kinase. 

The equilibrium constant of the PP kinase reaction (K = A5P X PPP/- 
ADP X PP) was determined to be approximately 5 in the direction of 
PPP synthesis. From the equilibrium data the free energy change of PP 
phosphorylation was calculated to be about — 400 calories per mole at 36°. 
If the energy content of the larger inorganic polyphosphorus compounds is 
similar to that of PPP, the réle suggested for these compounds in some of 
the lower organisms as storage forms of energy-rich phosphate (15, 16) 
would be a reasonable one. 


SUMMARY 


1. Cell-free extracts of beef skeletal muscle were observed to synthesize 
small amounts of inorganic tripolyphosphate (PPP) from inorganic pyro- 
phosphate (PP) and ATP. Investigation of the mechanism of PPP forma- 
tion revealed that ADP, not ATP, is the phosphate donor, and that the 
reversible reaction, ADP + PP = A5P + PPP, is catalyzed by adenylate 
kinase. 

2. The equilibrium constant for the PP kinase reaction was calculated 
to be approximately 5 in the direction of PPP. 
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THE METABOLISM OF FRUCTOSE BY ISOLATED 
RAT DIAPHRAGMS* 


By HENRY I. NAKADA 
(From the Scripps Metabolic Clinic, La Jolla, California) 


(Received for publication, July 27, 1955) 


The elucidation of enzyme systems involved in the metabolism of fruc- 
tose has done much in clarifying its metabolic pathway. Recent work (1, 
2) on glucose and fructose metabolism by normal and diabetic rat livers 
has suggested that fructose can be metabolized by liver enzyme systems 
that are independent of glucose metabolism. Similar enzyme systems 
that act upon fructose have been reported to occur in muscle (3), but many 
of the existing reports on fructose utilization by intact muscle cells are 
conflicting. Haft and coworkers (4) demonstrated that insulin increased 
fructose uptake by diaphragms. Mackler and Guest (5) showed that a 
considerable amount of fructose was taken up by rat diaphragms in the 
presence of glucose. These latter authors attributed this fructose uptake 
to the action of fructokinase. On the other hand, Corkill and Nelson (6) 
found that little or no fructose was utilized by the spinal eviscerated cat. 
A more detailed study on fructose metabolism by peripheral tissues was 
carried out by Wick, Sherrill, and Drury (7). These authors found that 
the volume of distribution of fructose in the eviscerated nephrectomized 
rabbit corresponded to the extracellular compartment. This was true 
whether the amount of fructose given was large or small, and the admin- 
istration of insulin had no effect on the fructose volume of distribution. 
Not only was the rate of oxidation of fructose found to be low, but also 
the oxidation of radioactive glucose was not affected by the injection of 
unlabeled fructose. 

These results are inconsistent with the idea that muscle cells contain an 
independent mechanism for fructose metabolism. Because of the per- 
sistent assumptions that, since such an independent pathway has been 
found in liver, a similar situation must tpso facto be true in muscle, a fur- 
ther examination of fructose metabolism by muscle cells seemed necessary. 
This report gives the results of such a study with the use of the isolated 
rat diaphragm. 

* This investigation was supported in part by research grant No. 291(C) to Dr. 


Arne N. Wick from the Division of Research Grants and Fellowships of the National — 
Institutes of Health, United States Public Health Service. 
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Methods 


The procedures used in preparing and incubating the rat diaphragms 
are the same as previously described (8). The details of each experiment 
are given in Tables I to V. Fructose was measured by Roe’s resorcinol 
method (9), radioactivity being measured, in all cases, as infinitely thick 
layers of BaCQs. 

In experiments in which the tissues are oxidized or analyzed for location 
of radioactivity, the tissues were removed from the medium and passed 
rapidly through five washings in cold isotonic NaCl, then quickly blotted 
and weighed. Controls for adsorbed radioactivity were run by incubating 
the tissues for 1 minute in the radioactive incubation media, then washing 


TABLE I 
Effect of Insulin on Fructose Utilization by Rat Diaphragms 


Experiment No. Insulin peng PET Per cent fructose oxidation 
1 3.57 10.85 
4.97 11.85 
2 3.40 12.6 
+ 6.73 14.1 
3 2.88 9.05 
+ 4.72 12.1 


Two flasks were used in each experiment containing paired hemidiaphragms from 
two rats (trimmed to approximately 350 mg., wet weight). The final sugar concen- 
tration was 0.01 Mm in a final volume of 3 ml., and insulin, when used, was 0.7 unit 
per flask. The flasks were incubated at 37° for 2 hours with QO, in the gas phase. 


and wet oxidizing the tissues. Only trace amounts of radioactivity could 
be detected in these controls. The method described by LePage was used 
for the separation of the tissue into glycogen, Ba-insoluble, Ba-soluble, 
alcohol-insoluble, and alcohol-soluble fractions (10). Each solid fraction 
was precipitated twice, then wet oxidized to COs. 


RESULTS AND DISCUSSION 


The data in Table I confirm the findings of other workers that the up- 
take of fructose by the rat diaphragm is increased in the presence of in- 
sulin.!. There was also a small but consistent increase in fructose oxidation 
due to insulin. Thus, in the absence of any other substrate, fructose 
behaves very much like glucose. 

In eviscerated animals, glucose must be administered to prevent hypo- 


1 The crystalline zine insulin used in this work was contributed by the Lilly Re- 
search Laboratories. 
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glycemic shock. In these animals, fructose metabolism is studied in the 
presence of glucose. In order to test the possible preferential utilization 
of glucose over fructose, the effect of normal sugars on the oxidation of 


T T 
600 
= 500 “ 
4 R.A. GLUCOSE + FRUCTOSE 
400 - 
= 
\ 
FRUCTOSE + GLUCOSAMINE HCI 
100 . = a 
R.A. FRUCTOSE+ GLUCOSE © 
.Ol O02 


CONC. OF ADDED NORMAL SUGAR (M) 


Fic. 1. Inhibition of fructose oxidation by glucose and glucosamine. For each 
experiment, the diaphragms from six rats were divided nearly equally among the 
six flasks. The weights of diaphragms in each vessel were adjusted to nearly 350 
mg. Each flask contained the designated radioactive (R.A.) uniformly labeled 
sugar (0.01 m), 0.7 unit of insulin, as well as the indicated amounts of normal sugars. 
Incubations were carried out at 37° for 2 hours with oxygen in the gas phase. The 
radioactivities of the sugars used were glucose 18,767 c.p.m. at infinite thickness as 
BaCO,, and fructose 22,500 c.p.m. at infinite thickness as BaCOQs. 

* Radioactivity data were calculated as follows: recovered activity = counts per 
minute as BaCO, at infinite thickness X micromoles of carbon per gm. of wet tis- 
sue. 


radioactive fructose or glucose was studied (Fig. 1). Increasing concen- 
trations of normal fructose had relatively little effect on the oxidation of 
C-labeled glucose, while small amounts of glucose or glucosamine dras- 
tically reduced the oxidation of radioactive fructose. Glucosamine was 
tested because of the recent finding that this amino sugar blocks the entry 
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of glucose into the cell (8, 11). These results confirm the findings of Wick 
et al. (7) that there is a preferential oxidation of glucose over fructose. 
Fructose uptake into the diaphragms was measured by fructose disap- 
pearance from the medium and by totaling the radioactivity found in the 
respired carbon dioxide and remaining in the tissues. The results of such 
experiments are presented in Table Il. In the presence of glucose, the 


Taste Il 
Effect of Glucose on Fructose Utilization by Rat Diaphragms 
Fructose utilization, mg. per gm. wet tissue 
Experi Calculated from C™ 
ment Substrates measurements 
No. Calculations 
Wet 
Reapira- 
tory COs Total 
Fructose 0.678 3.16 3.84 4.18 
” + glucose 0.077 1.79 1.87 1.06 
+ insulin 0.73 3.85 4.58 4.87 
+ glucose 0.12 2.13 2.25 2.20 
2 vs 0.53 3.54 4.07 
- + glucose 0.119 2.26 2.38 
” + insulin 0.59 4.04 4.63 
glucose 0.12 2.36 2.48 


The four flasks in each series contained diaphragms from four rats, divided nearly 
equally among the flasks. Radioactive fructose concentration was 0.01 m, glucose 
concentration 0.005 m, and insulin, when used, 0.7 unit per flask. The final volume 
was 3 ml. and each flask contained approximately 350 mg., wet weight, of tissue. 
Incubations were carried out at 37° for 2 hours with O; in the gas phase. 


conversion of fructose to CO2 was lowered considerably, but, in confirma- 
tion of the Mackler and Guest (5) findings, the uptake of fructose was 
reduced to about one-half. The correlation between uptake measurements 
by radioactivity and by Roe’s color method is reasonably close. Since 
measurement of radioactivity is a more direct method for measuring up- 
take than the usual disappearance method, we feel that this technique 
can be utilized to advantage for such studies. 

The validity of the method is further confirmed in Table III, in which 
appear similar studies conducted with normal fructose to compete with 
glucose uptake. The order of magnitude of glucose uptake measured by 
radioactivity is the same as that found by sugar reduction methods. These 
results further demonstrate that fructose has little or no effect on glucose 
metabolism, the oxidation and uptake of glucose being essentially identical, 
whether fructose was present or not. 
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Since glucose reduced the uptake of fructose by about one-half, the pos- 
sibility that a rough separation of the cell components might shed some 
light on the mechanism of fructose inhibition was investigated. There- 


TaBLe III 
Effect of Fructose on C'*-Glucose Utilization by Rat Diaphragms 
Glucose utilization, mg. per gm. wet tissue 
Substrates 

Glucose (0.0L mM) 1.29 2.14 3.43 
(0.01 m) + fructose (0.005 mM)... 1.20 2.27 $3.47 
(O.01 mM) + insulin... 1.54 3.78 5.32 

(0.01 mM) + insulin + fructose 
(0.005 1.44 3.78 5.22 


All the conditions were the same as in Table II, except that radioactive glucose 
and normal fructose were used. 


Tasie IV 
Effect of Glucose on Distribution of C'-Fructose in Rat Diaphragms 
The values represent per cent added count. 


Fraction C¥-Fructose + 

Total tissue radioactivity......................... 18.16 10.3 
2.98 0.655 
Ba-soluble, aleohol-insoluble...................... 1.60 2.80 

2.22 5.13 


The two flasks in each experiment contained 1.8 gm. of pooled rat diaphragms in 
a final volume of 15 ml. Krebs-Ringer-phosphate buffer (pH 7.4). C'*-Fructose 0.01 
m (104,000 c.p.m. as BaCO, at infinite thickness), glucose 0.005 m, and insulin (0.25 
unit per ml.). The flasks were incubated at 37° for 2 hours with O:2 in the gas phase. 


fore, large scale experiments were set up with radioactive fructose and 
radioactive fructose plus normal glucose. 

The pattern of distribution (Table IV) of fructose is altered considerably 
in the presence of glucose. As expected, the total uptake was reduced to 
50 per cent and the conversion to CO: reduced to one-sixth. The addition 
of glucose drastically lowered the conversion of fructose to glycogen. 
These results are in agreement with those recently reported by Hers (12), 
who found that the conversion of uniformly labeled fructose to glycogen 
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and CO: by isolated rat diaphragms was depressed in the presence of glu- 
cose. The “protein” fraction is the residual material after removal of 
glycogen and probably contains fats as well as alkali-hydrolyzed proteins 
and other insoluble cellular débris. Here, too, the greater activity of the 
experiment with fructose alone speaks for the greater metabolic activity 
of fructose when no glucose is present. 

The sugar phosphate fractions (Ba-insoluble and Ba-alcohol-insoluble) 
also show a significant difference. With fructose alone the distribution 
between the diphosphates (Ba-insoluble) and monophosphates (Ba-soluble, 
alcohol-insoluble) was about the same, whereas, when glucose was also 
present, a much greater proportion was found in the monophosphate frac- 
tion. While we do not have proof of the identity of the accumulated 
monophosphate, it seems logical to assume that, if it were mainly glucose- 


V 
Effect of Acid Hydrolysis on C™ Activity of Fructose Monophosphate Fractions 


CM Activity 
Substrates Before hydrolysis After hydrolysis 
bructose kructose 
Fructose monophosphate Fructose monophosphate 
0 721 61 648 
+ glucose... 0 256 176 


1-phosphate, the conversion to glycogen should have been greater, and, if 
it were mainly fructose-6-phosphate, the conversion to glycogen and CO, 
should not have been impaired so much. By elimination, the major por- 
tion of this fraction is probably fructose-1-phosphate. One check on the 
location of the phosphate group is the ease of hydrolysis of a phosphate 
group on the 1 position as compared with the phosphate group on the 6 
position. The hexose monophosphate fractions (Ba-soluble, alcohol-in- 
soluble) were obtained from a separate experiment. ‘To these fractions 
carrier fructose and fructose-6-phosphate were added, and, after removal 
of barium ions, one-half of the material was passed through acid from 
Dowex 1 X 10 columns (13) and the fructose and hexose monophosphates 
were separated and counted. The other half of the solution was acidified 
to 0.2 n with HCl and boiled 10 minutes. After neutralization with 
NH,OH, this solution was also separated by column chromatography. 
The results (Table V) indicate that a large proportion of the C'-labeled 
monophosphate from uniformly labeled fructose is acid-stable in the ab- 
sence of glucose and acid-labile in the presence of glucose. 
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Hers (12) has shown that rat diaphragms convert fructose to glucose 
without an appreciable amount of chain rupture, but, in the intact rat, 
injected fructose is first converted to 3-carbon compounds by the liver, 
then resynthesized to glucose or transported as such to muscle for glycogen 
deposition or for other metabolic processes. Thus, the metabolism of 
fructose, when it is the sole substrate, is probably via the glucose hexo- 
kinase to fructose-6-phosphate which then enters the classical glycolytic 
pathway. In the presence of glucose, the small conversion of fructose to 
glycogen and CO, is partially through the above scheme and partially via 
fructokinase (which has a very low affinity for fructose) to fructose-1-phos- 
phate, then to fructose-1 ,6-diphosphate by 1-phosphofructokinase. 

Additional evidence for the lack of conversion of fructose to glucose by 
tissues other than the liver or intestines was presented by Bollman and 
Mann (14). They found that, if the intestines and liver are removed, the 
conversion of injected fructose to glucose does not take place and the ani- 
mal succumbs to hypoglycemia unless glucose is administered. Since Wick 
etal. (7) have demonstrated that the volume of distribution of fructose 
remains virtually constant in the eviscerated animal, the uptake of fructose 
by the diaphragm is more than likely an anomaly. One indication of the 
anomaly is that one-half of the radioactivity found in the diaphragm from 
the fructose plus glucose experiment is found in the soluble fraction (Table 
IV, barium-soluble, aleohol-soluble). From our present knowledge, it 
seems Clear that the direct contribution of fructose to the energy metabo- 
lism of muscle cells is insignificant. 


SUMMARY 


1. It has been confirmed that the isolated rat diaphragm has a signifi- 
cant insulin-sensitive uptake and oxidation of fructose. 

2. In the presence of glucose or glucosamine the oxidation of fructose 
by the diaphragm is reduced considerably. The presence of glucose re- 
duces the uptake of fructose to about one-half. 

3. The formation of glycogen from fructose is considerably depressed in 
the presence of glucose. 

4. Acid hydrolysis of the hexose monophosphate fractions indicates that, 
in the presence of glucose, fructose forms an acid-labile phosphate ester 
which is probably fructose-1-phosphate. 

These results confirm and extend the findings of other workers that 
muscle cells do not readily utilize fructose per se. 
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METABOLIC FACTORS AND THE DEVELOPMENT OF 
FATTY LIVERS IN PARTIAL THREO- 
NINE DEFICIENCY* 
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C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, August 8, 1955) 


Fatty livers are produced in albino rats fed a 9 per cent casein diet sup- 
plemented with choline, methionine, and tryptophan (1-3). Addition of 
(0.36 per cent pL-threonine to this diet consistently reduces liver fat to about 
one-half that in the threonine-unsupplemented group. Recently we have 
initiated studies to uncover the biochemical defects involved in this ab- 
normal metabolic pattern, Several enzyme systems have been studied 
previously (4, 5). From the earlier research, the pyridine nucleotides ap- 
peared to be the most promising factors to study for two main reasons; 
namely, because of the intimate connection of diphosphopyridine nucleo. 
lide (DPN) with fatty acid oxidation (6), and because, in the earher en- 
zyme studies (4, 5), endogenous respiration of liver was markedly lower 
in the threonine-deficient animals than im the controls. Tt is logieal to 
suspect that a large percentage of endogenous respiration oecurs via 
pyridine nucleotide-linked enzyme systems. 


EXPERIMENTAL 


The albino rats used in these experiments were male weanlings of the 
Sprague-Dawley strain. ‘Two groups of rats were employed: Group I 
received the basal dict described previously (5); Group II, the basal diet 
plus 0.36 per cent pi-threonine. At intervals throughout the 15 day period 
of study two rats from each group were sacrificed, and the endogenous 
oxygen uptake of the liver homogenates prepared from these animals (5) 
was measured manometrically with and without the addition of 0.1 ml. of 
0.16 per cent DPN to the Warburg flasks. 

In order to determine absolute endogenous oxidation, the DPN addition 
was replaced with water. After the flasks had been prepared (0.1 ml. of 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Founda- 
tion and by a grant from the Nutrition Foundation, Inc., New York. 

t Fellow of the American Association of University Women. Present address, 
Lillehammer, Norway. 
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DPN or water in the side arm plus water to make 0.5 ml. and 0.5 ml. of 
water in the main compartment) and chilled, 1 ml. of the 16.7 per cent 
liver homogenate was added to the main compartment. Potassium hy- 
droxide was used in the center well to absorb carbon dioxide. A 10 minute 
period was allowed for temperature equilibration, after the flasks were 
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Fig. 1. Effect of a threonine deficiency on endogenous oxidation. Curve I, rats 
partially deficient in threonine; Curve II, threonine-supplemented rats. 


placed in a Warburg bath maintained at 37°. Oxygen uptake for the 
next 10 minutes was then measured. 

After the sample of liver had been taken for the enzyme determinations, 
the remainder was analyzed for total lipide content (7). 

Pyridine nucleotides were determined by the method of Feigelson, Wil- 
liams, and Elvehjem (8). Because of the rapid rate of enzymatic destruc- 
tion of DPN, it was not possible to determine DPN in the same livers as 
those used for the enzyme determinations. Therefore, different animals 
fed the basal or the basal plus threonine diet were used for the DPN 
assays. 
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Results 


All of the figures presented in this paper represent one complete study. 
Each study was repeated twice more, and a total of 88 rats was used in all. 
All three studies checked very closely, qualitatively. Some quantitative 
variations were observed, however, as will be noted later. 


% STIMULATION OF 
ENDOGENOUS OXID. BY DPN 


% FAT (ORY WT) 


DAYS 
Fig. 2. effect of a partial threonine deficiency on the response of liver endogenous 
respiration to the addition of DPN in vitro and on liver fat accumulation. Curve IT, 
rats partially deficient in threonine; Curve I], threonine-supplemented rats. 


The values for endogenous oxidation versus time after the rats were placed 
on the respective diets are presented in Fig. 1. It is interesting to note 
the immediate and rapid upward trend of the curve for the rats receiving 
threonine (Curve IT). The threonine-deficient group (Curve I) exhibited 
an extended lag period. After 10 days, however, a rapid upward trend in 
absolute endogenous oxidation in the latter group was observed. 

As shown in Fig. 2, when DPN was added in vitro to liver homogenates 
from the rats on a threonine-supplemented diet, a fairly constant degree 
of stimulation of endogenous oxidation (20 to 40 per cent) was maintained 
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throughout the 15 day period (Curve II). However, when the same 
amount of DPN was added to homogenates from threonine-deficient ani- 
mals (Curve I), endogenous oxygen uptake was stimulated significantly 
more than for the control group. After 15 days, in the study reported 
here the stimulation by DPN of the liver homogenates from the threonine- 
deficient rats returned to the control level. In each of the three complete 
studies, the addition of DPN in vitro to homogenates from deficient rats 
caused a maximal stimulation of 91, 74, and 85 per cent of the endogenous 
rate of oxidation, respectively; the respective maximal values occurred on 
the 14th, 5th, and 5th days. On the other hand, the degree of stimulation 
of endogenous oxidation in the controls did not vary appreciably from one 


TABLE I 
Pyridine Nucleotide Content of Liver 

Day Group No.® DPNt Group No.® DPNt 

9 I 690 II 995 

15 785 910 

18 655 915 
21 661 757 
22 623 851 
25 650 974 
2D 550 960 

30 593 892 

Average..... 651 + 25f 907 + 27f 


* Group I, basal diet; Group II, basal + threonine. 
t Micrograms per gm. of fresh weight of liver. 
t Standard error of the mean. 


study to another and never approached the threonine-deficient: maximal 
values. 

Addition of 0.36 per cent pi-threonine to the basal ration prevented the 
accumulation of liver fat, which approached 30 to 40 per cent of the dry 
weight when threonine was not supplemented. It is important to note 
that, in each individual study, the point of maximal deposition of fat in the 
liver occurred after the maximal stimulation of oxidation by added DPN 
(Fig. 2). 

The results for the DPN analyses (Table I) showed a markedly lower 
liver DPN concentration in the threonine-unsupplemented animals than 
in the controls. 


DISCUSSION 


The Ist week after weaning appears to be a critical time for liver enzyme 
activity development in the rat, since an appreciable increase in oxidative 
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capacity occurs (Fig. 1). An upward trend in absolute oxygen consump- 
tion of liver homogenates from rats supplemented with threonine occurred 
during the first 10 days, after which a plateau was reached (Curve II). 
On the other hand, in the rats fed the threonine-deficient diet, a lag period 
was observed before the upward trend (Curve I). Several possible ex- 
planations for this lag period exist; reduced synthesis of endogenous sub- 
strates, reduced synthesis of oxidative apoenzymes, reduced synthesis of 
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Fia. 3. Oxygen uptake by liver homogenates with DPN added in vitro. Curve I, 
rats partially deficient in threonine; Curve II, threonine supplemented rats. 


allied cofactors, or a combination of these possibilities. Additional in- 
formation can be obtained by plotting the absolute oxygen consumption 
with added DPN for both groups against time (Fig. 3). When the abso- 
lute oxygen consumption with added DPN for both groups is plotted versus 
time, no difference between Groups I and ITI is observed. ‘Therefore, the 
rate of synthesis of substrates and apoenzymes in Group I must have been 
equal to the rate of synthesis of substrates and apoenzymes in Group IT. 
The limiting factor, then, must have been the supply of DPN per se, par- 
ticularly in the livers of the group partially deficient in threonine, since 
this was the only substance added in excess to the homogenates from both 
groups of animals. 
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If either the synthesis of DPN or the maintenance of its normal metab- 
olism (e.g., adequate reoxidation of DPNH once it is formed) was blocked 
in the threonine-deficient rats, the lowered oxidation of endogenous sub- 
strates in Group I| could be explained. The first hypothesis is corroborated 
by the finding that the concentration of liver DPN actually was lower in — 
Group II as shown by chemical estimation (Table I). The specific cause of | 
this particular block is unknown. The other possibility, the improper | 
maintenance of normal DPN metabolism, may be due to the lack of en- | 
zyme systems responsible for the reoxidation of DPNH. Current work in | 
this laboratory indicates that both of these possibilities are probably oe- | 
curring simultaneously. 

Though the livers from the rats in Group I contained a higher level of | 
fat than those in Group II, particularly after 10 days, the differences in | 
fat content can be shown by calculation to be not sufficient to explain the | 
differences in endogenous oxidation, stimulation of endogenous oxidation — 
by DPN, or content of DPN in the livers. Since the maximal response of | 
endogenous respiration to added DPN (oxidized form) occurred in all of | 
the studies before maximal fat deposition was observed, the possibility of 
drawing a cause and effect relationship between the two variables is attrac- 
tive. The problems suggested by the present studies are being further 
investigated. 


SUMMARY 


The relative rates of fat accumulation and endogenous oxidation in the 
liver from animals fed a diet partially deficient in threonine have been 
studied. The content of liver DPN as well as the effect of adding excess 
DPN in vitro on endogenous liver oxidation was also studied. 

From correlation of all of our results, it has been concluded that both 
a defect in DPN production and the improper metabolism of endogenous 
DPN in the liver are major factors in liver fat accumulation in a partial 
threonine deficiency. 


The authors are indebted to Merck and Company, Inc., Rahway, New | 
Jersey, for the supply of vitamins used in these studies, to Duane Benton — 
and Marie Winje for their assistance in the determination of liver fat, and — 
to Dr. A. E. Harper for valuable contributions in some of the initial phases — 
of this work. 
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BIOGENESIS AND METABOLISM OF 5-HYDROXYIN DOLE 
COMPOUNDS 


By SIDNEY UDENFRIEND, ELWOOD TITUS, HERBERT WEISSBACH, 
AND RALPH E. PETERSON 
(From the Laboratory of Chemical Pharmacology, National Heart Institute, National 
Institutes of Health, Public Health Service, United States Department 
of Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, September 1, 1955) 


Until recently the only 5-hydroxyindole compounds known to occur in 
nature were bufotenine (NV , N-dimethyl-5-hydroxytryptamine) and its de- 
rivatives which had been isolated from toad venom (1, 2). The isolation 
and identification of ‘‘serotonin” as 5-hydroxytryptamine (SHTA) by Rap- 
port et al. (3, 4) and its identification with the ‘‘enteramine”’ of Erspamer 
and Ottolenghi (5) and the ‘‘thrombocytin” of Rand and Reid (6) renewed 
interest in 5-hydroxyindole compounds. Since then a large number of ad- 
ditional 5-hydroxyindole compounds have been found in nature. Both 
5-hydroxytryptophan (7) and violacein, a pigment containing 5-hydroxy- 
indole (8), have been found in Chromobacterium violaceum. 5HTA and 
its V-methylated analogues occur in almost all invertebrate and vertebrate 
species investigated (9). N,N-Dimethyl-5-hydroxytryptamine has also 
been isolated from plant sources such as the seeds of Piptadenia peregrina 
(10) and the toxic mushroom Amanita phalloides (11). 5-Hydroxyindole- 
acetic acid (SHIAA) has been found in mammalian urine (9, 12) and 
in the seeds of P. peregrina.! 

The scheme shown in Fig. 1 connects these scattered observations into 
a pathway of metabolism starting with tryptophan and proceeding through 
5-hydroxytryptophan to the various 5-hydroxyindole compounds.  Evi- 
dence is presented for occurrence of many steps of this pathway in a number 
of organisms and tissues. 


Methods and Materials 


5SHTA was determined by the nitrosonaphthol method of Udenfriend, 
Weissbach, and Clark (13). 5HIAA was determined by the procedure of 
Udenfriend, Titus, and Weissbach (12). Chromatograms were developed 
on Whatman No, | paper and sprayed with either p-dimethylaminobenzal- 
dehyde for indoles or 1-nitroso-2-naphthol (12) for 5-hydroxyindoles. 

DL-Phenylalanine-3-C™, pL-tyrosine-2-C™, and pL-tryptophan-C™ were 
obtained from Tracerlab, Ine. 5-Hydroxy-pL-tryptophan-3-C™ was pre- 
pared by a modification of the procedure of Ek and Witkop (14). 


1M. Fish and E. C. Horning, personal communication. 
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Measurement of Radioactivity—Suspensions of the various compounds [{ W! 
were transferred to stainless steel planchets and dried under an infra-red | Pl: 
lamp. Radioactivity measurements were made with a gas flow propor- 
tional counter having a background of about 2 ¢.p.m. (15), corrected to for 
constant weight, and expressed as counts per minute per micromole of | gl2 
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EXPERIMENTAL 
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Precursor of 5-Hydroxyindoles 


Although it has been suggested by Harley-Mason (16) that phenyl- = &n¢ 
alanine could serve as a precursor of 5-hydroxyindole compounds, results 
of experiments with C-labeled amino acids make this unlikely. The data , SP 
presented in Table I demonstrate that, when pDL-tryptophan-2-C™ was the 
administered to toads, dehydrobufotenine, the major 5-hydroxyindole com- | ™& 


pound in Bufo marinus venom, was radioactive. In comparable experi- gra 
ments with pL-phenylalanine-3-C™ and no appreciable | 7 
radioactivity appeared in the isolated dehydrobufotenine. 
chi 

Tryptophan to 5-Hydroxytryptophan wit 


Although a net conversion of tryptophan to 5-hydroxytryptophan has : pla 
been clearly demonstrated in bacteria (7), it has thus far not been possible 
to show this in mammalian tissues. However, the following experiments 


ble 


UDENFRIEND, TITUS, WEISSBACH, AND PETERSON 337 


with radioactive tryptophan indicate that such a conversion does take 
place in the toad venom gland in vivo. 

1.3 ue. of DL-tryptophan-2-C"™ were administered orally to a toad daily 
for 5 days and the animal was sacrificed on the 7th day. The venom 
glands were excised and extracted with acetone according to the procedure 
of Erspamer (9) and the acetone was removed under nitrogen. The aque- 
ous residue was extracted with ether to remove fatty material and evapo- 
rated almost to dryness under nitrogen. The wet residue was taken up in 
about 0.7 ml. of methanol. After centrifugation, the methanol solution 
was applied as a 5 inch line on a sheet of Whatman No. 3 paper. Refer- 


TABLE I 
Amino Acid Precursors of 6-Hydroxyindole 


—- - - 


Specific activity of 
isolated 

dehydrobufotenine 


Administered 


C™ compound administered radioactivity 


— 


pc. c.p.m. per umole 


Labeled compounds were administered orally in divided doses over 5 days. 1 
day after the final dose, dehydrobufotenine was extracted from the excised venom 
gland by homogenization in a Potter homogenizer with 0.01 n HCl. After centrifu- 
gation of precipitated proteins, the 5-hydroxyindoleamines were extracted as de- 
scribed elsewhere (13), and, after evaporation of the final aqueous solution to 
approximately 1 ml., excess flavianic acid was added in solution. The precipitated 
flavianates were washed several times, recrystallized to constant specific activity, 
and counted. In the experiment with labeled tyrosine dehydrobufotenine was lost 
before constant specific activity was achieved. It is therefore a maximal value. 


ence samples of 5-hydroxytryptophan were applied on each side and the 
chromatogram was developed with n-propanol-H2O (5:1). The reference 
spots were located by spraying with p-dimethylaminobenzaldehyde and 
the corresponding area of the venom extract was cut out and eluted with 
methanol. The methanol extract was concentrated and rechromato- 
graphed on paper and the 5-hydroxytryptophan area was again extracted. 

To a portion of the extract were added 6.0 mg. of carrier 5-hydroxy-pL- 
tryptophan and the mixture was treated with p-iodophenylsulfonyl] (pipsy]) 
chloride as described previously (17). The pipsyl derivative was treated 
with charcoal and crystallized several times and a portion was dried on a 
planchet and counted. The remainder was recrystallized twice more and 
also counted. The values obtained on successive recrystallizations were 
30.0 and 30.2 ¢.p.m. per mg. of carrier 5-hydroxytryptophan. 
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Tryptophan to 5-Hydroxytryptamine 


Conversion of tryptophan to 5-hydroxytryptamine was demonstrated in 
the rabbit in the following manner. Radioactive tryptophan was ad- 
ministered intraperitoneally daily for several days. 4 days after the last 
dose, the animals were bled, and the platelets were isolated according to 
the procedure of Dillard, Brecher, and Cronkite (18) and extracted with 
acetone. The acetone was removed under vacuum and 5HTA was taken 
up in water and assayed according to the procedure of Udenfriend, Weiss- 
bach, and Clark (13). Several mg. of non-radioactive 5HTA creatinine 
sulfate were added as carrier to a second aliquot, and the mixture was 
recrystallized from alcohol-ether mixture to constant specific activity and 
counted. With doses of 28 and 16 ue. of tryptophan-2-C"™, the specific 
activities of SHTA isolated from platelets were 1239 and 260 c.p.m. per 
umole, respectively. 


Tryptophan to SHIAA 


5HIAA has been found in urine (9, 12), presumably as the product of 
the action of monoamine oxidase on 5HTA (19). In the urine of normal 
human subjects the material is present in such small amounts, 2 to 8 mg. 
per day, that isolation for isotopic studies is impractical. The availability 
of a patient with malignant carcinoid who excreted several hundred mg. 
of SHIAA per day (12) facilitated these studies. 16 ye. of DL-tryptophan- 
2-C' were administered orally to this patient and the urine was collected 
for 24 hours. A 3 ml. portion of urine was evaporated to about 1 ml. and 
applied as a 3 inch line on Whatman No. 3 paper. Reference samples of 


5SHIAA were applied on each side and the chromatogram was developed ° 


with n-propanol-H,0 (5:1) overnight. The reference spots were located by 
the characteristic pink fluorescence under ultraviolet light after spraying 
with dilute HCl and the corresponding area of the urine extract was cut 
out and eluted with methanol-1 n NH; (95:5). The methanol extract 
was concentrated under nitrogen and rechromatographed with n-propanol-1 
N NH; (5:1). The area corresponding to 5HIAA was eluted with am- 
moniacal methanol and concentrated to about 3 ml. Another aliquot 
corresponding to about 10 to 20 y of SHIAA was applied to a planchet and 
counted. An additional aliquot was taken for 5HIAA assay. The re- 
maining 5HIAA solution was rechromatographed with n-butanol saturated 
with H,O. The 5HIAA area was eluted and then concentrated and ali- 
quot portions were again taken for counting and chemical assay. The 
calculated specific activities of the urinary 5HIAA after successive chro- 
matographic purifications were 224 and 216 ¢.p.m. per umole. 
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Studies on Intact Dog 


The following experiments were devised to determine the qualitative 
and quantitative relationships between urinary 5HIAA, the major end- 
product of 5-hydroxyindole metabolism in animals, and its precursors. 
Dogs were placed on a constant diet and the daily urinary excretion of 
5HIAA was determined for 1 to 2 weeks. Thereafter, at intervals, various 
indoles were administered and the 24 hour excretions of 5HIAA and 5HTA 


TABLE II 
Precursors of 5HIAA in Intact Dog 


Compound administered* 
umoles pumoles 
5-Hydroxy-pL-tryptophan...... 152 29 .5§ 
5-Hydroxytryptamine..................... 96 31.4 
5-Hydroxyindoleacetic acid................ 52 36.8 


* L-Tryptophan was administered orally; all other compounds were given intra- 
venously. 

t The control value is the average obtained on twenty-eight daily samples from 
three different animals. 

Standard deviation. 

§ In this case 15.8 wmoles of 5HTA were also excreted. 


were determined. The results of these experiments are summarized in 
Table IT. 

Although tryptophan-C™ was shown previously to be converted to 
5HIAA, the feeding of large amounts of the unlabeled amino acid produced 
a slight but variable increase in the urinary 5HIAA. Presumably the hy- 
droxylation of tryptophan proceeds at a maximal rate even at normal in- 
takes of the amino acid. The inability of tryptamine to influence urinary 
5HIAA is further evidence that it is not an intermediate in 5-hydroxyindole 
formation (20). When 5-hydroxytryptophan was administered, 30 per 
cent was excreted as 5HIAA and 20 per cent as 5HTA, calculated on the 
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basis that only the L isomer is metabolized. Large amounts of 5-hydroxy- 
tryptophan were also demonstrated in the urine by chromatographic 
methods; presumably this was mostly the unmetabolized p isomer. 

When 5HTA was administered, about 25 to 30 per cent was recovered 
as SHIAA. When 5HTA was incubated with liver and kidney slices and 
homogenates until all had disappeared, comparable low recoveries of 5HIAA 


were obtained. Since 5HIAA is not metabolized by these preparations, it . 


would appear that 5HTA is metabolized by several enzymes. However, 
the ability of 1-isonicotinyl-2-isopropyl hydrazide, a monoamine oxidase in- 
hibitor, to block completely the metabolism of 5HTA in vitro suggests that 
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HOURS 
Fic. 2. Urinary excretion of 5HIAA after intravenous administration of various 
5-hydroxyindole compounds. Curve A, 10 mg. of 5HIAA; Curve B, 17.2 mg. of 
5HTA infused. The arrow marks the end of infusion; Curve C, 33.3 mg. of 5- 
hydroxy-pL-tryptophan. 


the enzyme, monoamine oxidase, accounts for most of the 5HTA metabo- 
lism. The discrepancy between 5HTA metabolized and 5HIAA recovered 
may result from the ability of the intermediate aldehyde to undergo other 
reactions in addition to oxidation to 5HIAA. 

When 5HIAA was administered intravenously, only 50 to 75 per cent 
appeared in the urine, excretion being essentially complete within 1 hour. 

The rapidity with which 5HIAA, the major metabolite of 5HTA, is ex- 
creted after 5HTA infusion indicates a rapid metabolic conversion, little, 
if any, 5SHTA appearing in the urine after its infusion. The fate of in- 
jected 5-hydroxytryptophan indicates a distribution quite different from 
that of injected 5HTA. A large proportion was converted to 5HIAA, but 
this was slowly excreted in the urine (Fig. 2). In addition, appreciable 
quantities of 5HTA also appeared in the urine. It would appear that the 
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amino acid is taken up in tissues and then slowly released as 5HTA, which 
is, in turn, converted to SHIAA. 


Evidence for 5-iydroxyindoleacetaldehyde 


Attempts were made to detect the intermediate aldehyde formed as a 
result of oxidative deamination of 5HTA. However, the only evidence 
obtained for such an intermediate was indirect. When 5HTA was in- 
cubated with liver or kidney homogenates, a brown pigment appeared in 
addition to 5HIAA. In the presence of semicarbazide neither pigment 
nor 5HIAA was formed. However, a new indole substance was detected 
chromatographically. This substance had an R, of 0.65 in n-propanol-1 
n NH; (5:1) compared to 0.33 for SHIAA and 0.77 for 5HTA. This most 
probably was the semicarbazone derived from the intermediate aldehyde. 
The brown pigment was also produced as a result of monoamine oxidase 
activity, since its formation could be blocked by octyl alcohol and other 
inhibitors of this enzyme. An indole aldehyde intermediate would be ex- 
pected to polymerize readily. Blaschko and Hellman have suggested that 
the brown pigment formed by 5HTA when used as a cytochemical test for 
monoamine oxidase (21) may be a condensation product of some reactive 
intermediate. 


DISCUSSION 


Although 5HTA was only recently isolated and its exact réle has not 
been ascertained, one may infer from the researches of Erspamer (9), Amin, 
Crawford, and Gaddum (22), Welsh (23), Woolley and Shaw (24), Shore, 
Silver, and Brodie (25), and Pletscher, Shore, and Brodie (26) that it plays 
a role as an important physiological agent. It is therefore not surprising 
to find 5HTA and its analogues distributed widely throughout the animal 
kingdom. Furthermore, the finding of 5-hydroxyindole derivatives in 
many plants and bacteria indicates that this route of tryptophan metabo- 
lism may be shared by all living things. 

The demonstration of the conversion of tryptophan to 5-hydroxytrypto- 
phan in the toad and in C. violaceum (7) and the presence of a specific 
5-hydroxytryptophan decarboxylase in animal tissues (26) establish this 
new amino acid as the intermediate in the formation of 5HTA. 5-Hy- 
droxytryptophan may give rise to products other than 5HTA. The pig- 
ment violacein in C. violaceum may be so derived. 5-Hydroxytryptophan 
may also participate in peptide formation. The toxic peptide a-amanitine 
obtained from A. phalloides gives a characteristic 5-hydroxyindole color 
with nitrosonaphthol.? Previous findings by Wieland and Schmidt (27) 
that a-amanitine yielded positive indole and phenol tests and that neither 


?S. Udenfriend and H. Weissbach, unpublished observation. 
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tyrosine nor tryptophan could be isolated after alkaline hydrolysis suggest 
that the peptide contains a 5-hydroxyindole residue. This possibility is 
further strengthened by the finding of large amounts of N ,N-dimethyl-5- 
hydroxytryptamine in A. phalloides (11), indicating that 5-hydroxyindole 
metabolism is an important metabolic pathway in this organism. 

The oxidation of tryptophan to 5-hydroxytryptophan may be compared 
to the conversion of phenylalanine to tyrosine. Although preliminary 
findings suggest that the liver is the site of hydroxylation of tryptophan 
in animals, it has thus far not been possible to demonstrate appreciable 
enzymatic conversion in vitro. The known aromatic hydroxylating en- 
zymes in liver, phenylalanine hydroxylase (28) and the microsomal hy- 
droxylase (29), do not hydroxylate tryptophan. ‘The inability to demon- 
strate appreciable 5-hydroxytryptophan formation in mammalian tissues 
may be due to the presence of large amounts of the decarboxylase which is 
widely distributed and very active (26). Apparently the rate-limiting 
step in the conversion of tryptophan to 5HTA is hydroxylation. Further- 
more, aromatic hydroxylating enzymes are known to be labile and difficult 
to isolate from both animal and bacterial sources. 

The major route of metabolism of 5HTA in animals is by oxidative de- 
amination and the enzyme responsible for this is apparently monoamine 
oxidase (19, 29). In fact, it has been suggested that the specific physi- 
ological réle-of monoamine oxidase may be to destroy excess 5HTA in the 
same manner as cholinesterase destroys excess acetylcholine (19). The 
intermediate aldehyde, for which preliminary evidence is presented, is 
structurally a very reactive compound. Its formation from 5HTA and 
subsequent polymerization to yield pigment may have physiological sig- 
nificance. Oxidation of a 5-hydroxyindole compound to a 5,6-dihydroxy- 
indole may actually produce a melanin subunit. It is conceivable, there- 
fore, that some of the pigments loosely referred to as “‘melanins’’ may be 
derived from tryptophan through 5-hydroxyindole intermediates. 

Methylation of 5HTA is apparently an important route of metabolism in 
toads, A. phalloides, and P. peregrina. Chromatographic evidence for the 
presence of minute amounts of N-methylated 5HTA in human urine has 
been reported (30). However, attempts in this laboratory to demonstrate 
methylation of 5HTA in mammalian tissues have not been successful. 

There is no doubt that 5HTA is metabolized and excreted in the urine 
as SHIAA. However, one cannot be certain that all urinary 5HIAA is 
derived from 5HTA. Preliminary studies indicate that 5-hydroxytrypto- 
phan can be oxidized by both L- and D-amino acid oxidases. The end- 
product of such metabolism is 5HIAA. However, mammalian L-amino 
acid oxidase is a very weak enzyme and pD-amino acid oxidase would re- 
quire the assistance of a racemase to act on the natural form of 5-hydroxy- 
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tryptophan. Participation of 5-hydroxytryptophan in transamination re- 
actions could yield the keto analogue which would then be decarboxylated 
to SHIAA. The urinary excretion of 5HIAA is therefore an index of over- 
all 5-hydroxyindole formation and until further studies are carried out one 
must use caution before equating it with 5HTA formation. 

The losses of 25 to 35 per cent of injected 5HIAA suggest that it is 
metabolized in vivo, perhaps by conjugation. The instability of 5H1AA to 
acid or alkaline hydrolysis made it difficult to verify this. However, hy- 
drolysis of urine with 1 N HCl under controlled conditions to correct for 
5HIAA loss indicated no appreciable acid-labile conjugates. Enzymatic 
methods will have to be used to detect other conjugated products. It is 
also possible that SHIAA and other 5-hydroxyindole compounds may be 
metabolized by rupture of the indole ring. 

The inability to influence appreciably the urinary excretion of 5HIAA 
by increasing or decreasing the intake of tryptophan in dogs and in humans 
indicates that hydroxylation of tryptophan is an obligatory pathway of 
metabolism and that the hydroxylating system operates maximally utiliz- 
ing the body stores of tryptophan. About 3 to 8 mg. of 5HIAA are ex- 
creted in normal human urine. If this value is multiplied by 3 to correct 
for metabolic losses of 5HTA and 5HIAA, it becomes apparent that it is 
an appreciable portion of the daily tryptophan intake (about 800 mg.) of 
man. In malignant carcinoid, metastatic to the liver, as much as 400 mg. 
of SHIAA are excreted daily (12). In this disorder the 5-hydroxyindole 
pathway has apparently become the major route of tryptophan metabolism. 


The authors are indebted to Dr. Bernhard Witkop for his many valuable 
suggestions, to Gloria E. Baéz-Ramiréz for the specimens of B. marinus, 
and to Doris E. Titus for the synthesis of radioactive 5-hydroxytrypto- 
phan. Samples of a variety of 5-hydroxyindoles were very kindly provided 
by Dr. Merrill E. Speeter and Dr. Kenneth Hamlin and of 5-hydroxytryp- 
tophan by Dr. Gustav Martin and Dr. Arvid Ek. 


SUMMARY 


Evidence is presented that tryptophan is a precursor of 5-hydroxytryp- 
tophan, 5-hydroxytryptamine, 5-hydroxyindoleacetic acid, and dehydro- 
bufotenine in various organisms. 

A scheme is presented for the metabolism of tryptophan via the 5-hy- 
droxyindole route in animals. Tryptophan is first hydroxylated to 5-hy- 
droxytryptophan, which is then decarboxylated to yield 5-hydroxytrypt- 
amine. ‘The latter is then oxidatively deaminated, probably by way of 
5-hydroxyindoleacetaldehyde, to yield 5-hydroxyindoleacetic acid. 
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THE UTILIZATION OF GLYCOLIC ACID FOR METHYL GROUP 
SYNTHESIS IN TOBACCO* 


By RICHARD U. BYERRUM, LOVELL J. DEWEY, ROBERT L. 
HAMILL, anp CHARLES D. BALL 


(From the Kedzie Chemical Laboratory, Michigan State University, 
East Lansing, Michigan) 


(Received for publication, September 6, 1955) 


Glycolic acid occurs in small amounts in tobacco and other plant species 
and as yet it is the only 2-carbon organic acid which has been found to 
take up C™ during short time photosynthesis with C“O, (1). Tolbert has 
indicated that from 3 to 10 per cent of the carbon dioxide utilized by 
Chlorella in photosynthesis appeared as glycolic acid in the medium sur- 
rounding the algae (2). The acid also appears to accumulate in tobacco 
plants during photosynthesis and disappear in the dark (3). It has been 
shown by Tolbert and Cohan (4) and by Schou e¢ al. (5) that glycolic acid 
may be converted to glycine and serine in the dark, the 2 carbons of gly- 
colate becoming the corresponding carbons of glycine. The carboxyl and 
a-carbons of serine were shown to arise directly from glycolic acid and the 
6-carbon to arise in part from the a-carbon of glycolic acid. This finding 
would indicate that the a-carbon of glycolate contributes to the 1-carbon 
pool in metabolism. Weinhouse and Friedmann have shown that, in the 
rat, glycolic acid may also be converted to glycine or can contribute its 
a-carbon to the “formate” pool (6). 

It was recently demonstrated in this laboratory that the a-carbon of 
glycine was incorporated to a large extent into the N-methyl group of 
nicotine in tobacco plant metabolism (7). Since glycolate and glycine 
seemed to be interconvertible in plant metabolism, it appeared of interest 
to examine the possibility of the incorporation of the a-carbon of glycolate 
into methyl groups. This possibility seemed of further interest because 
of the negative results of Barrenscheen and Gigante (8), who found that 
glycolic acid did not increase the formation of creatine when incubated 
with guanidinoacetic acid and an enzyme preparation from etiolated wheat 
seedlings. 

In the present study, it was demonstrated that the a-carbon of glycolic 
acid was incorporated into the N-methyl group of nicotine and the O-methy] 
groups of lignin, but not to any extent into other portions of these sub- 
stances in tobacco plant metabolism. 


* The work described was done under contract No. AT(11-1)-161 with the Atomic 
Energy Commission. This paper was presented at the meeting of the American So- 
ciety of Plant Physiologists in East Lansing, Michigan, September, 1955. 
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EXPERIMENTAL 


Synthesis of Calcium Glycolate-2-C'%—Calcium glycolate-2-C™ was syn- 
thesized from bromoacetic acid-2-C" according to the procedure outlined 
by Hughes, Ostwald, and Tolbert (9) for the preparation of calcium gly- 
colate from chloroacetic acid. No modification of the procedure seemed 
necessary when bromoacetic acid was substituted for chloroacetic acid. 
For a determination of purity, the radioactive calcium glycolate was chro- 
matographed on paper. The paper chromatographs were developed with 
phenol saturated with an aqueous solution containing 6.3 per cent sodium 
citrate and 3.7 per cent sodium dihydrogen phosphate in a chamber the 
air of which was saturated with acetic acid (10). When a radioautograph 
of the developed chromatogram was taken, only one spot appeared which 
corresponded in Ry value to an authentic sample of calcium glycolate. 

Uptake of Calcium Glycolate—Several studies in this laboratory have 
shown that tobacco plants can absorb various organic compounds through 
their root systems from a nutrient solution. Therefore the hydroponic 
procedure of administering the ghycolate was adopted in the present study, 
since it was desired to parallel previous experiments as closely as possible. 
In this way valid comparisons between the glycolate and former studies 
could be made. The calcium salt of glycolic acid was used in the present 
study not only because it occurred as the final product of the glycolate 
synthesis mentioned earlier, but also because it is a more convenient com- 
pound to handle than glycolic acid itself. Before the metabolic studies 
with radioactive glycolate could be undertaken, it was necessary to ascer- 
tain whether or not glycolate could be absorbed by the plants and also 
whether or not microorganisms would destroy the glycolate in the nutrient 
solution. 

To determine the rate of glycolate uptake by the root systems, four plants 
were placed individually in 100 ml. Erlenmeyer flasks containing 40 ml. 
of nutrient solution (11), 2.5 mg. of calcium glycolate, and 0.5 mg. of 
Aureomycin. The Aureomycin was used to inhibit the growth of micro- 
organisms. Four other flasks prepared in the same manner were inoculated 
with several tobacco root fragments, and four flasks containing only nu- 
trient solution, glycolate, and Aureomycin were used as controls. At the 
end of 48 hours the plant and root fragments were removed from their 
respective flasks and washed, and the washings were added to the appropri- 
ate flask. The solutions remaining in the flasks were analyzed for glycolate 
by the procedure of Calkins which depends upon the formation of a violet- 
red color when glycolic acid and 2,7-dihydroxynaphthalene are heated 
together in concentrated sulfuric acid (12). 

It was found that, in 48 hours, over 95 per cent of the glycolate had 
disappeared from the nutrient solution in which plants had been placed. 
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There appeared to be essentially no loss of glycolate because of the growth 
of microorganisms, since over 90 per cent of the glycolate was recovered 
in both the root-inoculated solutions and the controls. In addition, 
samples of nutrient solution which had served as media for the administra- 
tion of radioactive glycolate were evaporated to dryness after removal of 
the plant, and the residue was tested for radioactivity. There was no sig- 
nificant count over background in the residue. From these results it was 
concluded that glycolate was readily absorbed through the roots and there- 
fore that the hydroponic technique was entirely satisfactory for its ad- 
ministration. 

Administration of Radioactive Glycolate—The tobacco plants in each of 
three trials were fed 1.27 mg. of calcium glycolate (1.34 x 10-° mole). 
The radioactivity of the glycolate fed per plant in Trial 1 was 1.87 * 10° 


TABLE I 


Location of Radioactivity in Nicotine Molecule after Administration of 
Calcium Glycolate-2-C™ 


Methyltriethyl- | Recovery of nicotine 
Trial No. Nicotine, & 103 Dilution*® ammonium radioactivity in 
iodide, K 10 quaternary salt 
c.p.m. per mmole c.p.m. per mmole per cent 
] 14.1 986 14.6 106 
2 2.20 3400 2.08 95 
3 3.74 1995 3.53 94 


* Dilution = (specific activity of precursor)/(specific activity of compound iso- 
lated). 


¢c.p.m., Whereas in Trials 2 and 3 the radioactivity fed per plant was 1 & 10° 
c.p.m. At the end of a 1 week feeding period, the plants were removed 
from the flasks and nicotine was isolated as the dipicrate as described pre- 
viously (11). From the plant residue remaining after the nicotine isolation, 
lignin was then isolated as described by Byerrum et al. (13). 

Radioactivity of Nicotine—The radioactivity of the nicotine isolated 
from the plants fed glycolate-2-C" is presented in Table I. The radioac- 
tivity is expressed as counts per minute per millimole at ‘infinite thinness.” 
All counts were made on an internal flow counter which had an efficiency 
of 20 per cent. It can be seen that in all three trials the nicotine possessed 
radioactivity. In the third column of Table I is presented the dilution of 
isotope in its incorporation into nicotine. These figures represent the ex- 
tent of incorporation of the glycolate into nicotine and may be used for 
comparative purposes between trials. There was some variation in the 


extent of incorporation of glycolate and these differences were attributed 
to seasonal variation in growth and metabolism of the plants. Since the 


| 

e. | 
es 
nt | 
te | 
es 
| 
nt | 
its 
l. 
of 
O- 
ed 
he 
elr 
ri- 
ate 
et- 
ed 
ed. 


348 GLYCOLIC ACID IN METHYL SYNTHESIS 


nicotine was radioactive, it was of interest to ascertain whether or not the 
radioactivity was localized in the methyl group. The nicotine was there- 
fore demethylated by a procedure described previously (11). The methyl 


group was obtained as methyltriethylammonium iodide which was counted © 
for radioactivity. Essentially, all of the radioactivity of the nicotine iso- | 
lated from glycolate-2-C'-fed plants was in the N-methyl] group, as demon- — 
strated by the data shown in Table I. | 
Radioactivity of Lignin—The radioactivity of lignin from the plants ad- — 
ministered radioactive glycolate is presented in Table II. Since the for- 
mula for lignin is unknown, the radioactivity is expressed as counts per 
minute per 60 mg. of lignin, a convenient weight for counting. It can be | 
seen that the lignin was radioactive in all three trials. The dilution of 


TaBLeE II 


Location of Radioactivity in Lignin after Administration of Calcium 
Glycolate-2-C' 


Methyltriethyl- R 

ecovery of lignin 

Trial No. Dilution* | radioactivity in 
from 60 mg. lignin quaternary salt 


per cent 
1 3830 3630 3520 92 
2 1740 4300 1263 73 
3 1532 4870 1320 87 


* Dilution = (specific activity of precursor) / (specific activity of compound 
isolated). 


isotope in its incorporation into lignin was similar in all of the experiments. 
It is of interest to note that the relatively large variation in incorporation 
of isotope into nicotine among different experiments was not observed for 
lignin. This observation has also been made when other radioactive 
methyl group precursors have been fed. The dilutions in the lignin experi- 
ments cannot be compared with those in the nicotine studies, because the 
specific activity of lignin is expressed by a different unit than that of the 
nicotine. 

Since the lignin was radioactive, it was also demethylated and the 
methyl group was obtained as methyltriethylammonium iodide for count- 
ing. It can be seen (Table II) that after feeding glycolate-2-C™ most of 
the radioactivity of the lignin was located in the O-methyl group. ) 


DISCUSSION 


The results of the present experiments indicate that the a-carbon of 
glycolic acid may be utilized in the biosynthesis of the N-methyl group of 
nicotine and the O-methy]! groups of lignin. This is in contrast to former 
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studies with plants which did not show utilization of glycolate for the syn- 
thesis of the N-methyl group of creatine (8). Experiments in animals 
have shown that the glycolate a-carbon can yield “formate” probably by 
way of glyoxylic acid (6). Similarly, glycolate may be oxidized to glyoxyl- 
ate before the conversion of the a-carbon to methyl groups in plants, since 
Tolbert, Clagett, and Burris (14) have demonstrated an enzyme in a wide 
variety of plants which can oxidize glycolic acid to glyoxylic acid. It 
would appear, however, that, in the present study, the a-carbon of glycolic 
acid is not converted to a l-carbon compound at the oxidation state of 
formate, since the a-carbon of glycolate is incorporated into both nicotine 
and lignin to a greater extent than formate when the two precursors were 
fed under similar conditions. On the other hand, the incorporation of the 
a-carbon of glycine is somewhat greater than that of the a-carbon of gly- 
colate. It therefore seems probable that glycine is not converted to 
glycolate before its conversion to methyl groups. Glycolate has also been 
shown to be a source of the carbons of serine, the a-carbon of glycolate 
giving rise to both the a- and 6-carbons of serine (4, 5). The findings of 
Tolbert and Cohan (4) and of Schou et al. (5) would seem to indicate that 
glycolate, glycine, and serine are all interconvertible in plant metabolism. 
Previous work in our laboratory has indicated that formaldehyde is in- 
corporated into nicotine to a greater extent than the a-carbon of glycolate, 
the a-carbon of glycine, or the B-carbon of serine when all these precursors 
were fed under similar conditions. These observations indicate that in 
tobacco the a-carbon of glycolate yields a 1-carbon unit at the oxidation 
state of formaldehyde, which is then reduced to give the N-methyl group 
of nicotine. Since glycolate occurs generally in plants and is formed dur- 
ing the process of photosynthesis, it would appear to be an important 
source of 1-carbon units which may be utilized for methyl group biosyn- 
thesis. 


SUMMARY 


The a-carbon of glycolic acid served as a precursor for the N-methyl 
group of nicotine and the O-methyl groups of lignin in tobacco plant me- 
tabolism. Formate did not appear to be an intermediate in the pathway 
of incorporation of glycolate a-carbon into methyl groups. 
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THE KINETICS OF THE ENZYMATIC HYDROLYSIS 
OF RIBONUCLEIC ACID* 


By HAROLD EDELHOCH anp JOHN COLEMAN 


(From the Department of Pathology and Oncology, University of Kansas 
Medical School, Kansas City, Kansas) 


(Received for publication, June 30, 1955) 


Numerous methods have been utilized to follow the rate of the enzy- 
matic hydrolysis of RNA.' Bain and Rusch (1) measured the liberation 
of hydrogen ions by the release of CO, from a bicarbonate buffer in the 
Warburg apparatus. Kunitz (2) observed a shift in the ultraviolet ab- 
sorption of RNA on hydrolysis and developed a spectrophotometric assay 
based on this spectral change. Acid precipitation (3) and titration meth- 
ods (4) have also been used. 

In the present report a potentiometric assay has been investigated and 
found to be quite sensitive and rapid. It precludes the need for buffers 
or colored indicators (5, 6). The extent of reaction is identified with the 
volume of base necessary to maintain the reaction mixture at constant 
pH. Recently, Green and Mommaerts (7) have employed this method to 
study the rate of hydrolysis of adenosine triphosphate by myosin prep- 
arations. Schwert et al. (8) have measured the esterase activity of pro- 
teolytic enzymes by similar procedures. 


EXPERIMENTAL 


Materials—RNA (Schwarz Laboratories, Inc.) was deproteinized ac- 
cording to the method of Sevag et al. (9). Normally from four to six 
extractions with 1:5 capryl alcohol-chloroform were made. RNA was 
reprecipitated from solution by addition of 5 volumes of glacial acetic acid, 
washed with 95 per cent alcohol and then with ether, and finally dried in a 
vacuum overnight over NaOH pellets. Several preparations were made 
during the course of this work. The thoroughly deproteinized RNA was 
generally more highly degraded than the Schwarz stock RNA, as indicated 
by slower sedimentation and more rapid spreading in the analytical ultra- 
centrifuge. All references to RNA, unless otherwise stated, will be to 
this product. 

Crystalline ribonuclease (Worthington Biochemical Corporation) and 


* Aided in part by research grant No. C-1974 from the National Cancer Institute 
of the National Institutes of Health, Public Health Service, and by an Institutional 
Grant from the American Cancer Society. 

1 RNA, ribonucleic acid; RNAse, ribonuclease; DNA, deoxyribonucleic acid. 
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all salts (reagent grade) were used as received. Glass-distilled water was 
used throughout. 

Methods—A 15 ml. water-jacketed beaker served as the reaction vessel. 
Constant temperature was maintained by circulating water from a con- 
stant temperature bath through the water jacket. All runs were per- 
formed at 25.0 + 0.1°. Potentials (in terms of pH) were measured with a 
model G or GS Beckman pH meter; solutions were stirred magnetically 
throughout the reaction. Since control runs without enzyme or substrate 
showed negligible pH changes, no attempt was made to eliminate atmos- 
pheric COs. 

After mixing enzyme and substrate, constant pH was maintained by 
addition of standard base, usually from a micro burette of 0.20 ml. capac- 
ity. The volume of reaction mixtures normally was 5 ml. and the con- 
sumption of base seldom greater than 0.20 ml., except in a few early ex- 
periments. In most cases the runs were not prolonged for more than 10 
minutes. 

After independently adjusting enzyme and substrate solutions to the 
same pH, reaction was initiated by adding enzyme solution to the reaction 
vessel containing all the necessary constituents. Usually a small rapid 
fall in pH was encountered after mixing. This rapid pH shift increased 
as the level of enzyme or substrate increased, but was depressed as the 
concentration of salt was increased. Since reaction rates were observed at 
constant preset pH values, the excess acidity produced by mixing was 
counteracted by the rapid addition of sufficient base to restore the solu- 
tion to its original pH. Asa result, the first recorded values of base con- 
sumption were usually too great and were generally ignored in the ex- 
trapolation method discussed later. Similar pH shifts were noticed by 
Green and Mommaerts (7). 

Reproducibility —In the course of a single run the experimental points 
gave very smooth rate curves; however, considerable difficulty was en- 
countered in securing results reproducible from one run to the next, even 
with aliquots from the same stock solutions. The inability to reproduce 
closely our results was not ascribable to enzyme inactivation since no con- 
sistent trend in reaction rates was observed on successive runs, but, rather, 
an irregular fluctuation in rate, usually within 20 per cent, was found. No 
noticeable improvement was attained by the addition of various ‘‘stabi- 
lizing agents”? such as thioglycolic acid, cysteine, bovine serum albumin, 
and Versene. In view of the crystalline and homogeneous nature of 
ribonuclease preparations (3, 10) and the obvious lack of these properties 
in the substrate, it would appear that the inhomogeneity of the latter 
preparations provides the major source of difficulties. 

Preparation of Hydrolysis Products of RN A— <A 1 per cent water solution 
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of RNA was dialyzed against water until the dialysate showed negligible 
absorption at 260 mu. RNAse was then added to produce a 0.01 per cent 
solution and the pH adjusted to 8.0. After standing at room temperature 
for several hours, during which time the pH was intermittently returned 
to 8.0, the solution was left at 5° for 15 hours. The reaction having practi- 
cally ceased, the solution was dialyzed for 12 hours at 5° against 2 volumes 
of water. The dialysate was stored in the refrigerator at pH 5.9 and ad- 
justed to the desired pH before use. Concentrations of split-products 
were compared with those of substrate simply on the basis of their optical 
density at 260 mu. 

Stoichiometry—If a represents the degree of ionization of the hydrolyzed 
secondary phosphate groups at a particular pH, a equivalents of base will 
be required to titrate each new phosphate. Thus when a = 0, no acid is 
produced by the reaction and the method is inapplicable. Whena= l,a 
full equivalent of base is necessary to maintain the pH of the solution at a 
constant value. To study the effects of concentration of any of the re- 
actants it is not necessary to know the value of a exactly, provided that 
the apparent ionization constant of the liberated phosphate group remains 
substantially constant. To compare rates at different pH values, the 
ionization constant of the hydrolyzed phosphate group must be evaluated. 
Green and Mommaerts (7) have determined experimentally the ‘equiv- 
alence curve” for the hydrolyzed phosphate in the enzymatic hydrolysis 
of adenosine triphosphate and compared it with the theoretical dissocia- 
tion curve. Alberty et al. (11) have constructed equivalence curves for 
the liberation of a single phosphate group in the hydrolysis of the adenine 
nucleotides from knowledge of the ionization constants of all the ionizable 
species partaking in the reaction. The apparent ionization constant of 
the phosphate formed in the hydrolysis of RNA has been evaluated by 
titrating a sample of RNA before and after extensive hydrolysis by RN Ase. 
From the difference curve an apparent pK (25°; 0.10 m NaCl) of 6.3 was 
computed. ‘This value is in accord with similar results reported by Wiener 
et al. (12). 


RESULTS AND DISCUSSION 


Effect of Enzyme Concentration—Kinetic data obtained by potentiomet- 
ric titration of reaction mixtures at constant pH are presented in Fig. 1. 
The consumption of base, for a 10-fold variation in enzyme concentration, 
has been plotted as a function of time. At 20 and 33.3 7 of enzyme per ml. 
the rate curves ceased to be linear with time. When non-linearity was 
evident, an extrapolation procedure was used to evaluate initial rates. 
This was accomplished by plotting the uptake of base per 100 second in- 
tervals against the time. The rate of reaction was considered to be the ex- 
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trapolated value at zero time. This method is illustrated in Fig. 2. At 
33 y of enzyme per ml., unambiguous extrapolation was not feasible, due 
to a strong upward climb in incremental rates (per 100 seconds) as the 
intercept was approached. This type of behavior cannot be accounted 
for by the rapid pH drifts discussed in the experimental section. Propor- 
tionality between initial rates and enzyme concentration appears in Fig. 2 
for the three lower enzyme concentrations. 

Effect of Substrate Concentration—The hydrolysis of RNA was measured 
at a series of substrate levels, and initial rates were determined by the 


0.8 
pH 
NaCi=0O.1IOM 33.3 5 /mi. 
0.6 RNA = 4mg./mi. 
uJ 
” 
oO 
S oat 20.0 
uJ 
= 
> 
67 
3.3 
i 1 
6 


4 - 
SECONDS X 107° 


Fic. 1. Effect of variation of RNAse concentration on the rate of reaction 


extrapolation procedure described above. In Fig. 3 the initial velocities 
were plotted against substrate concentration according to the Lineweaver- 
Burk method. From the values of the intercept and the slope of this line, 
a value of 1.25 mg. per ml. was obtained for the Michaelis constant (K,,). 

Cavalieri and Hatch (5), in their investigation of the enzymatic hydroly- 
sis of DNA, observed a maximum in the substrate versus rate curve. They 
attributed this effect to substrate inhibition. In the present system the 
rate approaches a limit with increasing substrate concentration, and no 
tendency to fall off could be found. 

A considerably smaller value of K,, (~0.2 mg. per ml.) was obtained 
with untreated RNA (as received from the Schwarz Laboratories). Since 
the maximal velocities (k;) were about the same with both preparations, 
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0.2 RNAse 
X = 20.0 ¥/mi. 
A: 67 
Q O= 3.3 
~ 
4 2 3 4 5 6 
SECONDS X 
w 0-20F 
2 pH = 6.8 
0.10M 
N RNA = 4mqg/mi. 
= 
a 
2 0.05 
= 
5 i0 15 


ENZYME CONCENTRATION (¥/mi.) 
Fic. 2. Upper section, data of Fig. 1 plotted as rate of uptake of base per 100 sec- 
ond intervals. Lower section, proportionality of initial rates and RNAse concentra- 
tion. 


SOOF 


pH = 7.5 
NaCl -0.25M 


iL 4 


0.5 1.0 1.5 


Fia. 3. Lineweaver-Burk plot. V is expressed as the consumption of base in ml. 
per minute; S is given in mg. of RNA per ml. The concentration of RNAse is 0.002 
mg. per ml. 
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this would indicate that a considerably greater affinity (ki/k2) or velocity 
of combination (k;) exists between the untreated RNA and the enzyme 
than between the latter and the protein-free RNA. 

Effect of Tonic Strength—Marked stimulation by salt of the enzymatic 


0.4M 


0.08 
x< 
0.04 
63 
a 0.02 
= 
pH «6.4 
RNA img /mi. 
RNAse 1x 1072 mg/m. 
NoCl, M as indicoted 
i i i i 
2 4 6 8 10 12 
Minutes 


Fic. 4. The effect of ionic strength (NaCl) on the kinetics of the hydrolysis of 
r RNA by RNAse. 


degradation of RNA has been reported by Greenstein et al. (4, 13). These 
results have been substantiated by other investigators (14). In the pH 
range 6 to 8 our results are essentially in agreement with previous reports. 
In this pH interval the effects of various salts, e.g. NaCl, KCl, NasSO,, and 
K.SO,, were similar when initial reaction velocities were compared with 
the tonic strength of added salt. Typical kinetie results appear in Fig. 4, 
and extrapolated initial velocities are represented in Fig. 5. 
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At pH values greater than about 8.4, stimulation by salt was consider- 
ably depressed. In fact, a maximum in rate was observed near 0.10 M 
NaCl at pH 9.1. In 0.30 m NaCl the rate was less than that found in the 
absence of added salt (Fig. 5). Similar maxima with salt concentration: 
appear to be present in the enzymatic hydrolysis of DNA (4). 

Appreciable effects of salt on enzyme kinetics have been observed by 
Lumry et al. (15) with carboxypeptidase and by Kistiakowsky et al. (16) 


6.0 F 
@ pHs 6.40 
RNA = |.00mg./mi. 
RNAse= 0.01 mg./mi. 
k/Ko x pH= 9.10 
RNAse= 0.083mg./mi. 


0.1 0.2 0.3 04 
NaC! MOLARITY 


Fic. 5. Variation of initial rates with ionic strength at pH 6.4 and9.1. The rates 
(k) are expressed as relative to those observed in the absence of added salt (ko). The 
curve through the pH 6.4 points is derived from the Debye-Hiickel-Brgnsted 
theory. 


for urease. The latter were able to fit their data with the Debye-Hiickel- 
Brénsted theory of reaction rates for charged particles (17). This equa- 
tion takes the form 


(In k/ko)-! = A/V + B 


A = DkT/@Z4Zp 


B = DkTa/éZ4Zp 


where a is a mean value for the distance of closest approach of the enzyme, 
of net charge Z,, and substrate of net charge Z,. The remaining symbols 
are of standard significance. The smooth line in Fig. 5 at pH 6.40 is the 
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plot of the above equation when a = 2.7 Aand Z4Z, = +2.0. These val- 
ues are indicative only with respect to magnitude, since they are strongly 
dependent on the method of evaluating the velocity constants. Our data 
offer some latitude in this respect. We will not attempt any interpreta- 
tion of these values other than to note that the Z,4Z, term is opposite in 
sign from that which one would predict from knowledge of the charge 
distribution of the enzyme (18) and substrate? (19). Inhibition of ac- 
tivity with increase of ionic strength would be expected from the charge 
properties of the reactants, while the opposite effect is observed. A pos- 
sible explanation would seem to require that the catalytic site or the 
surrounding area of the enzyme be negatively charged. 

Since DNA (20) is known to change its size and shape with gegenion 
concentration, the effect of ionic strength on the viscosity of our RNA 
preparation was investigated. In the absence of extraneous salt, the 
viscosity increment (lim (1/0 — 1)/tc) of RNA at pH 5.1 at 25.0° was 


found to be near 8 (21). In 0.50 mM NaCl at pH 5.1 the viscosity increment 
was about 7. These low viscosity increment values, and their small con- 
centration dependence, are indicative of a relatively compact molecule. 
If 0.20 gm. of water is bound per gm. of RNA, the axial ratio of RNA, as 
determined by the Simha equation and Oncley’s chart (21), is 5.5 in the 
absence of salt and about 4.7 in 0.50 m NaCl. These values are somewhat 
smaller than those reported by others for RNA preparations from yeast 
(19). Judging from the rather small effect of salt concentration on vis- 
cosity, we can discount any major changes in shape taking place. The 
possibility still exists that ionic strength does affect the short range intra- 
molecular relationships of the binding sites, resulting in more favorable 
steric arrangement of the bonds necessary for activation, with a consequent 
effect on its rate of reaction. 

Another property of RNA which displays considerable response to the 
ionic environment is its titration behavior. RNA is negatively charged 
over the entire range of its substrate activity. The addition of NaCl pro- 
duces a decrease in the pH of RNA solutions. If the pH is readjusted to 
its original value by the addition of base, the net charge (negative) of the 
RNA will increase. Thus when activity measurements are performed in 
buffered solutions or at constant pH values (by continuous adjustment of 
the hydrogen ion concentration), the charged state of the molecule will 


2? The binding of anions (7.¢. chloride) by RNAse is very small above pH 6.5 (C. 
Tanford, personal communication). Thus the charge determined by hydrogen ion 
titration experiments should be close to the net charge. The latter determination 
of the isoelectric point (C. Tanford, personal communication) agrees very closely 
with the electrophoretic analysis reported by Anderson and Alberty (18). In both 
instances a value close to 9.45 has been obtained. 
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increase with salt concentration. Numerous investigations (22, 23) of 
enzyme reactions have suggested that the effects of pH on reaction rates 
may be interpreted in terms of the ionization of specific groups of the en- 
zyme. ‘There is some evidence, especially with large molecule substrates, 
that the enzymatic rates may depend on the charged state of the substrate. 
Thus the pH optimum for pepsin with protein substrates is near 1.5, while 
with synthetic peptides this “constant” is increased to pH values near 4, 
depending on the particular substrate (24). Green and Stahmann (25) 
found that carboxypeptidase extensively hydrolyzed their synthetic poly- 
a-L-glutamic acid at pH 5.0, but failed to effect any hydrolysis at pH 7.5, 
which is near its pH optimum for peptide substrates. 

Inhibition by Products—The total number of susceptible ester bonds in 
RNA was ascertained by following the hydrolysis to completion during 
the course of several days in the presence of a large excess of enzyme. It 
was thus possible to test the rate data for first order kinetics. The non- 
linearity of the resultant plots disclosed the failure of first order theory to 
account for the kinetics. 

Cavalieri and Hatch (5) were able to explain their kinetic data for the 
hydrolysis of DNA on the basis of inhibition by both products and sub- 
strate. As mentioned previously, no decline in rate was observed with 
increasing RNA concentration. The effect of product inhibition was evalu- 
ated by two separate procedures. ‘The first method consisted in isolating 
the products of RNA degradation by dialysis, as described in the experi- 
mental section, and studying their effect on initial reaction velocities. 
Alternatively, one may analyze the observed rate curves for product inhibi- 
tion by comparing their kinetic course with the appropriate theoretical 
relationships. 

The effect of split-products on the rate of hydrolysis of RNA appears in 
Fig.6. These data have been interpreted by the Michaelis-Menten theory 
of enzyme action as modified by Briggs and Haldane (26). The basic 
scheme is 
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By the steady state treatment the initial rate of reaction in the absence of 
inhibition (Vo) is related to the concentration of substrate and enzyme by 


(1) 


where K, is the reciprocal of the Michaelis constant (K,,) and equals k,/- 
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(ko + ky). HK and S are the total enzyme and substrate concentrations, 

respectively. If the reaction is competitively inhibited by products, the 
rate expression takes the following form* 

1+ + Kol 


V (2) 
where Ky = ky/ks. To simplify the treatment we have assumed that the 
concentration of inhibitor is equal to that of products. The initial rates, 
in the presence of varying amounts of split-products, were determined by 
our extrapolation procedure. The slope of a plot of the ratio of uninhibited 


us pH = 7.5 
- 0.25 
O4F RNA 1.0mg/mi. 
ro RNAse .002 mg/ml. 
uJ 
= 
> 
j i i 
2 4 6 8 10 
MINUTES 


Fia. 6. The effect of reaction products on the rate of hydrolysis of RNA. Curve 
1, substrate without added products; Curve 2, 0.25 mg. per ml. of products; Curve 3, 
0.64 mg. per ml. of products. 


rate to inhibited rate (Vo/V) is equal to K2/(1 + KS). A value of 3.5 
mg. per ml. for K. was evaluated from the slope of this plot by the method 
of least squares. 

The experimental points of a kinetic run followed to near half comple- 
tion are seen in Fig. 7. Integration of Equation 2 and substitution of the 
values of k;E (0.038 mg. per ml. per minute), A,, and Ke lead to the the- 
oretical curve in Fig. 7 (the middle curve). The two other curves ap- 


3 We have assumed that the inhibition process is of the competitive kind due to 
the necessarily close resemblance of the reaction products to the structure of the 
primary substrate. As evidence for this statement, we are compelled to rely on our 
present knowledge of the structure of DNA which is more advanced than that of RNA 
(27). In this case the structure may be considered as consisting of linked repeating 
units which, on hydrolysis, produce smaller units of the same repeating structure. 
In addition the kinetics of the hydrolysis of DNA suggest competitive inhibition (5). 
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pearing in Fig. 7 show the effect of independently varying A, and K, by 
50 per cent on the shape of the theoretical curve derived from Equation 2. 

The applicability of the product inhibition equation may be tested by 
another method which requires kinetic data over an appreciable fraction 
of the complete curve at several levels of initial substrate concentration. 
Equation 2 may be transposed readily into 


1 1+ Kel 
V ks K,E-S K,E-S 


(3) 


A plot of 1/V versus I at constant S gives a line of slope K2/k3;K,E-S. The 


_ VOLUME OF BASE 


i 


10 20 30 40 
MINUTES 


Fic. 7. The lines are theoretical curves derived from the integrated form of Equa- 
tion 2 evaluated for the following values of K, and Ke, respectively: Curve 1, 0.80, 
4.0; Curve 2, 0.80, 6.0; Curve 3, 1.5, 4.0. RNA = 0.84 mg. per ml.; RNAse = 0.002 


mg. per ml. 


reaction was performed at several substrate concentrations and S versus 
time curves were plotted on a single graph. A series of horizontal lines 
(constant S) was drawn. Intercepts of these lines with each S versus 
the time curve indicated points of constant substrate and variable inhibitor 
(So — S) concentration. The tangents to the S versus time curves at the 
intercepts were considered as the corresponding rates of reaction. Fig. 8 
was constructed from the data accumulated in this manner. 

According to Equation 3, the product of the slope and substrate con- 
centration should be constant. By employing values of K, and k3E‘ (0.076) 
obtained previously, an average value of 3.6 + 0.8 was calculated for Ko. 
Thus, though the slopes of the lines in Fig. 8 vary 3.5-fold, K2 is reasonably 
constant. This value of K2 agrees quite well with the one obtained by 


‘In this series of experiments twice the earlier levels of enzyme were used. 
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adding split-products to reaction mixtures. The agreement in Ky values 
observed by the two procedures would appear to justify the use of (S, — S) 
values as equivalent to the concentration of inhibitor. 


300 


200 


<|- 


100 


i 


0.1 0.2 0.3 
INHIBITOR CONC. 


Fig. 8. Variation of the reciprocal reaction rate with inhibitor concentration at 
constant levels of substrate. Inhibitor concentration is equated with the amount of 
substrate consumed in reaction. 


SUMMARY 


A potentiometric titration method, involving the addition of base to 
maintain the pH constant, has been employed to study the action of ribo- 
nuclease on ribonucleic acid. By this method the kinetics of ribonuclease 
activity have been shown to obey the Michaelis-Menten theory, allowance 
being made for inhibition effects by the products of reaction. The effects 
of neutral salts are principally those of ionic strength. Several possible 
factors which may affect reaction rates have been explored in relation to 
the marked enhancement of rates produced by ionic concentration. 
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THE INCORPORATION OF THE PYRIMIDINE RING OF 
ADENINE INTO THE [ISOALLOXAZINE RING 
OF RIBOFLAVIN 


By WALTER 8S. MceNUTT, Jr. 


(From the Division of Biology, California Institute of Technology, 
Pasadena, California) 


(Received for publication, July 26, 1955) 


In the biogenesis of riboflavin by the yeast, Hremothecitum ashbyii, car- 
bon atoms constituting the pyrimidine ring of adenine were incorporated 
into the 6,7-dimethylisoalloxazine ring of riboflavin with much greater 
efficiency than was the 8 position of the purine ring (1). It remained to 
determine whether the carbon atoms which constitute the pyrimidine ring 
of the purine are incorporated directly into the pyrimidine portion of the 
isoalloxazine ring. ‘This portion of the molecule has since been degraded, 
the specific activities of the carbon atoms have been compared, and the 
conclusion has been reached that adenine serves as a precursor in the bio- 
genesis of riboflavin through the contribution of an intact pyrimidine ring. 
Thus it is that, while a purine may serve as a precursor in the biogenesis 
of the isoalloxazine ring of riboflavin, it is actually the pyrimidine portion 
of the ring which is incorporated. 


EXPERIMENTAL 


Cultivation of E. ashbyii—Randomly labeled adenine (Schwarz Labora- 
tories) was added to 12 hour cultures of EF. ashbyit, grown aerobically, in 
an amount to make the concentration 7 X 10-4 mM as reported previously 
(1). After 6 days the incubation was terminated by acidifying with H.SO, 
and autoclaving. 

Counting of Radioactive Samples—Samples to be counted were plated 
evenly on aluminum dishes (with sand-blasted surfaces) over areas 1 to 
1.5 cm. in diameter. A thin window counter was used. Precision error 
in plating and counting was 10 per cent or less. 

Reference Compounds—For analysis, all compounds were dried over 
H.SO, at room temperature. Riboflavin was a Merck product. Lumi- 
chrome:}H,O was prepared from riboflavin (1). Lumiflavin was pre- 
pared by the photochemical degradation of riboflavin as described by 
Warburg and Christian (2). It crystallized slowly from 12 per cent acetic 
acid solution as orange needles about 5 mm. in length. 


Ci3Hi202N,. Calculated. C 60.9, H 4.7, N 21.9 
Found. ** 60.0, 4.7, 21.8 


365 


366 BIOGENESIS OF RIBOFLAVIN 


It showed the following absorption characteristics (/ = molecular extinc- 
tion coefficient): in 0.1 N NaOH, E365" = 38,800, ys" = 11,700, hs” = 
11,800; in 0.1 N HCL = 34,700, = 11,400, = 10,400. 
Minima were at 239, 3038, 403, and 520 mp. Calculation from the data of 
Warburg and Christian (2) (0.1 N NaOH) gives 39,100, = 
10,400, 10,900. 

| ,2-Dithydro-2-keto-1 acid was pre- 
pared by the alkaline degradation of lumiflavin after the procedure of War- 
burg and Christian (2). Light yellow needles were obtained upon crys- 
tallization from 12 per cent acetic acid solution. Melting point = 210° 
(decomposition) in a melting point tube and 213-215° (decomposition) on 
a melting point stage. 

Warburg and Christian (2) report a melting point of 213°. Neutral 
equivalent for Cy2H)2O;Ne, calculated, 232; found, 234. It showed the 
following absorption characteristics: in 0.1 N NaOH, F235" = 22,400, 

305 = 7300, E353. = 8660; in 0.1 N HCI, £23* = 34,500, £239" = 20,500, 

330 = 9430, E392" = 6900. Minima were at 228, 270, 373, and 460 mu. 
Calculation from the optical data of Kuhn and Rudy (3) (0.1 N NaOH) 
gives 1377 = 20,400, = 6900, = 8500. 

1 ,2-Dihydro-2-keto-1 ,6 ,7-trimethylquinoxaline was prepared by the de- 
carboxylation of the quinoxalinecarboxylic acid derivative. Kuhn and 
Rudy (3) carried out the decarboxylation at 170° and 0.01 mm. pressure, 
but under these conditions the acid sublimed without decarboxylation. 
It was decarboxylated by melting the compound at 0.1 mm. pressure. 
The sublimate was collected and purified by sublimation at 140° and 0.05 
mm. and crystallization from water. White feather-like needles were ob- 
tained. 

CiHwON:2. Calculated. C 70.2, H 6.4, N 14.9 
Found. ** 70.1, 6.5, 14.8 


M.p., 175.5-177°; Kuhn and Rudy (3) report 175°. 

The absorption characteristics were as follows: in chloroform, Ex = 
21,300, Eso = 6360, E357" = 6960; in water, E27" = 39,000, 233° = 
24,900, Leos) = 5970, E3s5° = 7100. There was an inflection in the region 
of 255 my. Minima were at 220, 266, 328, and 405 my. Calculation 
from the optical data of Kuhn and Rudy (3) (chloroform) gives £237° = 
21,900, = 5430, = 5640. 

1 ,5,6-Trimethylbenzimidazole was prepared by heating 100 mg. of 1,2- 
dihydro-2-keto-1 ,6 ,7-trimethy]-3-quinoxalinecarboxylic acid in a 20-fold 
volume of 30 per cent NaOH at 180° for 5 to 8 hours (3, 4). The mono- 
N-methy]-1 ,2-diamino-4 ,5-dimethylbenzene was taken up in ether, pre- 
cipitated as its hydrochloride salt, and converted to the benzimidazole by 
heating with an excess of formic acid in 2 N HCl (5). Upon neutralization 
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of the acid the benzimidazole derivative crystallized in’ long needles. The 
crystals were sublimed at 90-100° (0.5 mm.) to give about 10 mg. of fine 
white needles. M.p., 143-144.5°; Plaut (4) reports a melting point of 
146°. 


CyolliaNa Caleulated. C 75.0, H 7.6, N 17.9 
Found. Van” 


It showed the following absorption characteristics: in OLN 
7420, boys” = 7130. Minima were at 234, 282, and 300 mu. In O.1 N 
NaOH, kegs = 5290, ERY = 5370, EY = 5330. Minima were at 232, 
267, 285, and 302 mu. 

2-Amino-6 ,7-dimethyl-3-quinoxalinecarboxylic acid was prepared by 
heating 28 mg. of lumichrome in 25 ml. of 0.5 N NaOH for 18 hours at 
100°. Upon cooling, the pale yellow sodium salt of the quinoxalinecar- 
boxylic acid separated. The crystals were washed with cold dilute NaOH 
and taken up in hot water. The acid was precipitated with dilute HCl, 
washed with water, and crystallized from hot acetic acid. Yield, 19 mg. 
of golden yellow needles; m.p., 221.5-222°. Wolf et al. (6) report a melt- 
ing point of 215-220°. Neutral equivalent for Cy,HyO2N3, calculated, 217; 
found, 213. It showed the following absorption characteristics: in 0.1 N 
HCl, = 29,800, = 15,400, = 8050, = 6640. There 
was an inflection at 260 mu. Minima were at 231, 280, 375, and 470 mu. 
In 0.1 N NaOH, E252" = 21,200, E310" = 4380, 330° = 5920. Minima 
were at 230, 280, 345, and 450 mu. 

2-Amino-6 ,7-dimethylquinoraline was prepared by decarboxylating 165 
mg. of 2-amino-6 , 7-dimethyl-3-quinoxalinecarboxylic acid in a tube evacu- 
ated to 1 mm. (bath temperature = 230°). The substance was purified 
by sublimation at 190-200° (0.5 mm.) and crystallization from ethanol- 
water. Yield, 64 mg. of yellow needles; m.p., 276-277° (bath preheated 
to 270°). Wolf et al. (6) report a melting point of 275-278°. 


CiyHiiN;. Calculated, C 69.3, N 24.3; found, C 69.6, N 25.0 


It showed the following absorption characteristics: in water, E20 = 
37,350, E42 = 23,030, E30 = 7700. There were inflections at 225 to 
230 mu and at 285 to 330 mu. Minima were at 225, 280, and 410 mu. 
In 0.1 N HCI, E209" = 42,500, = 22,100, = 16,200, = 
9090. There were inflections around 262 and 330 my. Minima were at 
223, 249, 275, and 420 mu. 


Results 


Specific Activity of Riboflavin—Riboflavin was isolated from the cultures 
by adsorption on Florisil, elution with 50 per cent aqueous acetone, and 
chromatography on paper in the solvent system of Whitby (7); Rr = 0.37. 
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The material thus obtained was used in the subsequent degradations. In 
determining the specific activity of riboflavin the band from the first chro- 
matogram was rechromatographed on paper. (Solvent system, 100 per 
cent formic acid 30 ml., tert-amyl] alcohol 65 ml., water 5 ml.; Re = 0.20.) 

Upon eluting the riboflavin band with water, evaporating it to a small 
volume, and cooling, orange tufts of riboflavin crystallized. The crystals 
were washed and taken up in hot water. The solution showed the ab- 
sorption maxima and minima characteristic of riboflavin. 

On analysis in 0.1 N NaOH, 0.3 ml. of this solution gave 28.0 y of ribo- 
flavin at its optical density at 270 my, 28.0 y at 356 my, and 29.2 y at 452 
my, an average of 28.4 y. It averaged 1796 ¢.p.m. or 238 ¢.p.m. per 10% 
mole of riboflavin. 

Specific Activity of Lumichrome—Riboflavin from the first’ paper chro- 
matogram (about 500 7) was eluted with water and converted to lumi- 
chrome by exposure to fluorescent light for 4 days. The lumichrome was 
taken up from acidic solution with CHCl; and chromatographed on paper 
in the system of Whitby (7); Re = 0.73. Lumichrome crystallized from 
the eluate of this band upon reducing the volume and cooling. The crys- 
tals were separated by centrifugation, washed, and taken up in 0.02 Nn 
NH,OH. The solution showed the maxima and minima characteristic of 
lumichrome. 

On analysis in 0.4 N NaOH, 0.1 ml. of this solution gave 7.82 y at 265 
my, 7.78 y at 340 mu, and 7.32 y at 430 mu, an average of 7.64 y. It 
averaged 681 ¢.p.m. or 224 c.p.m. per 10-* mole of lumichrome. 

Specific Activity of Lumiflavrin—Riboflavin from the first chromatogram 
(500 7) was eluted with 0.5 nN NaOH, and the eluate was exposed to fluo- 
rescent light at 21° for 2 days. The lumiflavin was taken up in CHC; 
from the acidified solution. ‘The CHCl; layer was washed with 1 per cent 
NaHCO; solution and chromatographed in the system of Whitby (7); 
Ry = 0.54. Lumiflavin was obtained in crystalline form upon evaporat- 
ing the eluate of the band and permitting the solution to cool. The crys- 
tals were washed and dissolved in hot water. The solution showed the 
maxima and minima characteristic of lumiflavin. A 0.6 ml. aliquot of the 
solution in 0.1 N HCl yielded 22.6 y at 264 muy, 23.5 y at 375 my, and 248 
y at 440 mu. It averaged 2051 ¢.p.m. or 223 ¢.p.m. per 10~-§ mole of lumi- 
flavin. 

The specific activity of carbon atom 2 of riboflavin (formally related to 
carbon atom 2 of adenine) was determined directly as urea following the 
alkaline degradation of lumiflavin. It was determined indirectly by sub- 
tracting the specific activity of 1,2-dihydro-2-keto-1 ,6,7-trimethy]-3- 
quinoxalinecarboxylic acid from the specific activity of lumiflavin as well 
as by difference between lumichrome and its corresponding quinoxaline- 
carboxylic acid. 
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420 + of lumiflavin were dissolved in 2 ml. of 0.1 Nn NaOH and heated at 
100° for 25 minutes. The solution was acidified with H.SO, and extracted 
with CHCl;. From the aqueous solution urea was obtained, while the 
CHCl; layer contained the quinoxalinecarboxylic acid derivative. The 
CHC; solution was chromatographed on paper (95 per cent ethanol 40 ml., 
concentrated NH,OH 4 ml., H,O 8 ml.). The quinoxalinecarboxylic acid 
derivative (Ry = 0.57) had a faint yellow color in white light and a dark 
olive color in ultraviolet light. The Ry of lumiflavin was 0.32. The 
quinoxalinecarboxylic acid band was eluted with NalHI1CO; and washed 
with CHCl;. The solution was acidified and extracted with CHCl, The 
residue from the CHCl, solution was taken up in water, aliquots being 
taken for analysis and counting. The solution showed the characteristic 
absorption maxima and minima in acid and base. 1.5 ml. in 0.1 N HCl 
yielded 30.7 y at 212 my, 31.4 y at 239 my, 31.1 y at 330 my, and 26.0 y 
at 387 mu, and averaged 2250 ¢.p.m. or 167 ¢.p.m. per 10-* mole of quin- 
oxalinecarboxylic acid derivative. Hence, by difference, carbon atom 2 
has a specific activity of 56 ¢.p.m. per 10-* gm. atom of carbon. 

The aqueous phase which contained the urea was neutralized with 
Ba(OH)>., reduced to dryness, and extracted with hot aleohol. The alcohol- 
ic solution was chromatographed on paper. (24 gm. of 98 to 100 per cent 
formic acid were diluted to 100 ml. with water. The solution was equil- 
ibrated with an equal volume of n-amy] alcohol, and the upper phase was 
used.) Urea spots (50 y) were placed on each side of the band to be chro- 
matographed. Urea was detected by floating strips of the dried chro- 
matogram on a saturated solution of Hg(NO3)s. The strips were then 
washed well with water and suspended in H.S. Black spots of Hg§S indi- 
cated the position of the urea; Rr = 0.19. The Rp of lumiflavin = 0.25. 
The Rp of quinoxalinecarboxylic acid derivative = 0.68. The area cor- 
responding to urea was cut out and eluted with water. The solution was 
counted and analyzed for urea by the procedure of Conway (8). Precision 
error was less than 4 per cent. The specific activity of urea was 59 ¢e.p.m. 
per 10-* mole of urea. 

About 400 y of lumichrome were heated in 2 ml. of 5 per cent NaOH at 
100° for 12 hours. The acid thus obtained was taken up with CHC}; and 
chromatographed in the ethanol-N H,OH-water system. For 2-amino-6,7- 
dimethyl-3-quinoxalinecarboxylic acid, Rp = 0.51; for lumichrome, Rr = 
0.40. The thin yellow band which had a bright lemon-yellow fluorescence 
in ultraviolet light (Re = 0.51) was eluted from the chromatogram, etc., 
as described under the alkaline degradation of lumiflavin. The solution 
showed the absorption maxima and minima in acid and base characteristic 
of 2-amino-6 ,7-dimethy]-3-quinoxalinecarboxylic acid. An aliquot (0.75 
ml.) in 0.1 N HCl yielded 17.9 y at 217 mu, 18.2 y at 250 mu, 17.4 y at 344 
my, and 17.1 y at 395 my, and had an average count of 1248 c.p.m. or 156 
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c.p.m. per 10-* mole of compound. Hence, by difference, carbon atom 2 
had 68 c.p.m. per 10-* gm. atom of carbon. 

The specific activity of carbon atom 4 of riboflavin (formally related to car- 
bon atom 6 of purine) was determined by the difference in specific activity 
between the quinoxalinecarboxylic acid derived from lumiflavin and that of 
the decarboxylated compound. It was determined, as well, by the differ- 
ence in specific activity between the quinoxalinecarboxylic acid derived 
from lumichrome and that of the decarboxylated compound. 

About 200 y of the quinoxalinecarboxylic acid derived from lumiflavin 
were melted in a small tube evacuated to 0.5 mm. The lower part of the 
tube was discarded, and the sublimate which had collected on the walls of 
the tube was dissolved in CHCl; and chromatographed in the ethanol- 
NH,OH-water system. In ultraviolet light 1 ,2-dihydro-2-keto-1 ,6,7-tri- 
methylquinoxaline was recognized as a bright blue fluorescent band; Rp = 
0.80. The quinoxalinecarboxylic acid had an R, value of 0.63. The band 
was eluted with water and reduced to a small volume. Thin needles crys- 
tallized out upon cooling. They were washed with ice water, dried, and 
dissolved in CHCl; for counting and analysis. In water and CHCl; the 
compound had the maxima and minima characteristic of 1,2-dihydro-2- 
keto-1 ,6,7-trimethylquinoxaline. In water 0.5 ml. yielded 15.4 y at 208 
my, 15.7 y at 233 mu, 16.0 y at 299 my, and 15.7 y at 355 my, and had an 
average count of 775 c.p.m. or 93 c.p.m. per 10-* mole. Hence, by differ- 
ence, carbon atom 4 had a specific activity of 74 c.p.m. per 10-* gm. atom 
of carbon. 

About 75 y of 2-amino-6 ,7-dimethyl-3-quinoyalinecarboxylic acid were 
decarboxylated by melting in a small tube evacuated to 1 mm. The 
sublimate was chromatographed in the ethanol-NH,OH-water system. 
2-Amino-6 ,7-dimethylquinoxaline was recognized in ultraviolet light as a 
whitish blue band; Ry = 0.82. The substance was eluted from the chro- 
matogram and extracted with CHCl;. An aliquot of the stock solution 
(0.5 ml.) in 0.1 N HCl yielded 4.60 7, as judged by the average of its op- 
tical densities at 238, 256, and 360 mu. It gave 4.45 y upon the basis of 
its optical density in water at 240 my and had an average count of 256 
c.p.m. or 99 c.p.m. per 10-§ mole. Hence, by difference, carbon atom 4 
of riboflavin had 57 c.p.m. per 10-° gm. atom of carbon. 

The specific activities of carbon atoms 2 and 3 of the quinoxaline ring (for- 
mally related to carbon atoms 4 and 5 of purine) were not determined 
individually; their sum was determined by the difference in specific ac- 
tivity between 1 ,2-dihydro-2-keto-1 ,6 ,7-trimethylquinoxaline or 2-amino- 
6 ,7-dimethylquinoxaline and 1 ,5,6-trimethylbenzimidazole which was de- 
rived from the diaminoxylene portion of the molecule. 

2 to 3 mg. of 1,2-dihydro-2-keto-1 ,6,7-trimethy]-3-quinoxalinecarbox- 
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ylic acid were heated with 2 ml. of 20 per cent NaOH at 130—160° for 
15 hours. The diamine was taken up in ether, precipitated as its hydro- 
chloride, and converted into the trimethylbenzimidazole as described un- 
der “Experimental.” It was extracted with CHCl]; from the neutralized 
solution and sublimed at 90° (0.5 mm.). The sublimate was chromato- 
graphed in 65 ml. of isopropanol and 35 ml. of 2 N HCl. The benzimi- 


TABLE I 
Distribution of Labeling in C'4-Riboflavin 
Per cent | Per cent ann ae — 
C¥ of ribo-| 
C.p.m. per | flavinin | riboflavin 
Compound 10-8 mole of 6,7-di- | in pyrim- Carbon 
compound |methyliso-| idine Carbon Carbon | atoms 2 
alloxazine| ring of | atom 2 of | atom 4 of | and 3 of 
ring | riboflavin | riboflavin | riboflavin | quinoxa- 
line ring 
Riboflavin. ................ 238 
Lumichrome............... 224 94 
Lumiflavin................. 223 (206)* 
1,5,6-Trimethylbenzimi- 

Quinoxalinecarboxylic acid 

from lumichrome......... 156 68 
Quinoxaline from lumi- 

i 59 (51) 59 (51) 
Quinoxalinecarboxylic acid 

from lumiflavin.........| 167 (154) 56 (52) 

Quinoxaline from lumi- 
61 | 66 | 96 


* The values in parentheses were obtained from the C'*-riboflavin of another fer- 
mentation. 


dazole was recognized as a dark band in ultraviolet light; Rr = 0.89. 
After eluting the band with water, the substance was taken up in CHC);. 
The solution showed the absorption maxima and minima characteristic of 
1,5,6-trimethylbenzimidazole. In 0.1 N HCl, 1 ml. of solution yielded 
368 y at 277 my and 378 y at 285 mu. In 0.1 N NaOH the average value 
from the optical densities at 255, 281, and 288 my was 372 y. It aver- 
aged 51 c.p.m. or 0.2 c.p.m. per 10-° mole. Hence, by difference, each 
of these 2 carbon atoms has an average of 46 c.p.m. per 10~° gm. atom of 
carbon. 

In summary (Table I) it is evident that neither the ribityl group nor the 
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dimethylbenzene ring of riboflavin was appreciably labeled from the 
C'-adenine. Of the C™ in the riboflavin 94 per cent was limited to the 
pyrimidine ring. Furthermore, the distribution of labeling among the in- 
dividual carbon atoms in this portion of the molecule was very close to 
expectation: One-fourth the specific activity of lumichrome (224 c.p.m. 
per 10-° mole) or lumiflavin (223 c.p.m. per 10-§ mole) is 56 c.p.m. per 
10-° gm. atom of carbon. Carbon atoms 2 and 4 of riboflavin had 61 and 
66 c.p.m. per 10-* gm. atom of carbon, respectively. The 2 remaining 
carbon atoms of the pyrimidine ring of riboflavin had a sum of 96 c.p.m. 
in2 X 10-* gm. atom of carbon, an average of 48 c.p.m. per 10-* gm. atom 
of carbon for each. Even these slight differences in specific activity, if 
real, may have been due to non-uniformity of labeling in the adenine ad- 
ministered. 

The biochemical origin of this portion of the riboflavin molecule is known 
to be analogous to purine biosynthesis (4), with such diverse carbon pre- 
cursors as carbon dioxide, formate, and glycine making up its composition. 
That the purine could have been dismembered into these simple fragments 
and reconstituted into the pyrimidine ring of riboflavin with so little dif- 
ference in the specific activities of the individual carbon atoms is incredible. 
There is little choice, therefore, to the conclusion that the pyrimidine ring 
of adenine was incorporated as such into riboflavin. 


DISCUSSION 


Evidence supporting the view that riboflavin arises through a pathway 
of purine metabolism has been acquired through several considerations. 
MacLaren (9) found that the naturally occurring purines increased the 
yield of riboflavin by EF. ashbyit under conditions in which the growth of 
the organism was unaffected. The effect was, therefore, specific upon ribo- 
flavin production. Plaut (4) has shown that the pyrimidine ring of ribo- 
flavin arises, in the metabolism of Ashbya gossypii, from carbon dioxide, 
formate, and glycine, as it does in the biogenesis of purines. Adenine, 
when administered to EF. ashbyii, loses the 8 position, while the carbon 
atoms of the pyrimidine ring are effectively incorporated into the 6,7-di- 
methylisoalloxazine ring of riboflavin (1). Finally, the specific activities 
of the individual carbon atoms of the pyrimidine ring of riboflavin are so 
closely related as to leave little doubt that the purine contributes an intact 
pyrimidine ring to riboflavin. 

Since many purines have the property of increasing the yield of ribo- 
flavin by E. ashbyii, it is most likely that each of them is converted into a 
common precursor about which the remainder of the riboflavin molecule 
is built. The labeling of the dimethylbenzene ring of riboflavin from spe- 
cifically labeled glucose and acetate (10) indicates that it has an origin 
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different from that of the benzene ring of aromatic amino acids. The most 
interesting point about the biogenesis of riboflavin, of course, is to know 
what the immediate precursors are. 

A further experiment is under way to determine whether the ribosy] 
group of nucleosides gives rise to the ribity] group of riboflavin. 


SUMMARY 


1. Uniformly labeled C'*-adenine has been administered to cultures of 
Eremothecium ashbyit. The C"'-riboflavin has been isolated, degraded, and 
shown to have 94 per cent of the C" limited to the pyrimidine ring of ribo- 
flavin. 

2. The specific activities of the individual carbon atoms of the pyrimi- 
dine ring of riboflavin were quite closely related, from which it has been 
concluded that adenine serves as a precursor in the biogenesis of riboflavin 
through the contribution of an intact pyrimidine ring. 


I should like to express appreciation to Dr. James Bonner, in whose 
laboratory the present work has been carried out, to Dr. Herschel K. 
Mitchell for the use of special instruments, to Dr. Hugh Forrest for much 
helpful discussion, and to the Public Health Service for a Research Fellow- 
ship from the National Cancer Institute. 
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HYDROXYLAMINE INHIBITION OF XANTHINE OXIDASE 
ACTIVITY * 


By L. S. DIETRICH ann ELEANOR BORRIES 


(From the Departments of Biochemistry and Surgery, College of Physicians and 
Surgeons, Columbia University, New York, New York) 


(Received for publication, July 13, 1955) 


In the course of investigations regarding the effects of various chemical 
agents on neoplastic purine metabolism, it was observed that hydroxyl- 
amine prevents the accumulation of uric acid or allantoin that normally 
occurs upon incubation of crude tissue homogenates. Subsequent stud- 
ies, reported in this paper, demonstrate that hydroxylamine is a competi- 
tive inhibitor of xanthine oxidase activity, the dehydrogenase portion of 
the enzyme apparently being the site of inhibition. 


EXPERIMENTAL 


Crude xanthine oxidase was prepared as follows: Freshly excised mouse 
liver was homogenized in 2 volumes of isotonic KCl and centrifuged at 
23,000 X g for 30 minutes in the cold. Solid (NH,)2SO, was added to the 
supernatant material to a concentration of 28 per cent. The pH was ad- 
justed to 8 with 6 N NH,OH after the complete solution of the (NH4)2SO,, 
and the preparation was allowed to stand overnight in the cold before 
filtration. The resulting filtrate was dialyzed against 0.02 m NaHCOs, 
the dialysate serving as the source of enzyme. 

The supernatant material obtained after centrifugation at 23,000 x g 
for 50 minutes was used as the source of enzyme in the adenosine deaminase 
studies. Fresh mouse liver homogenates were used in the case of the 
5-nucleotidase studies. 

Xanthine oxidase activity was measured manometrically by the proce- 
dure of Axelrod and Elvehjem (1) or colorimetrically by the method of 
Dietrich and Borries (2). These analytical tools were modified by using a 
tris(hydroxymethy]l)aminomethane (Tris) (0.1 m)-phosphate (0.008 m) buf- 
fer, pH 8.0. Adenosine deaminase activity was followed according to the 
procedure of Gordon and Roder (3). 5-Nucleotidase activity was arbi- 
trarily measured by determining the amount of inorganic phosphate 
formed when adenosine-5-phosphate was incubated with fresh liver homog- 
enates. pb-Amino acid oxidase activity was measured manometrically with 


* Supported in part by grants-in-aid from the Damon Runyon Memorial Fund 
for Cancer Research, Inc., and the United States Public Health Service (No. C-2446). 
A preliminary report has appeared (Federation Proc., 14, 203 (1955)). 
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pL-alanine as the substrate. Hydroxylamine (Fisher) was freshly pre- 
pared before use and adjusted to the desired pH with KOH. 


TABLE I 
Effect of Hydrorylamine on Activity of Various Purine-Metabolizing Enzymes* 


NH.2OH, m | Adenosine deaminase units | 5-Nucleotidase units 
0 61 17.8 
0.005 59 16.7 


* The unit is expressed as follows: adenosine deaminase, micromoles of adenosine 
deaminated per hour per ml. of crude enzyme preparation; 5-nucleotidase activity, 
micromoles of inorganic phosphate released from adenosine-5-phosphate per hour 
per gm. of tissue wet weight. All the incubations were carried out at 37°. 
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Fig. 1. Effect of hydroxylamine on xanthine and hypoxanthine oxidation. A, 
hypoxanthine; O, hypoxanthine + hydroxylamine; @, xanthine; and A, xanthine + 
hydroxylamine. Each flask contained 1 ml. of xanthine oxidase preparation (see 
‘‘Methods’’), 0.2 ml. of 10 per cent KOH (center well), and the appropriate amount 
of TP buffer (pH 8.0) to give, after the addition of substrate and inhibitor, a final 
volume of 1.7 ml. 0.3 ml. of 0.02 m xanthine or hypoxanthine was placed in the side 
arm and dumped after a 10 minute equilibration period. 0.2 ml. of freshly prepared 
neutral hydroxylamine (0.05 m) was added to the main compartment when indicated, 
at the expense of the buffer. All studies were carried out in duplicate at 37°. 


RESULTS AND DISCUSSION 


The effect of hydroxylamine on the activity of nucleoside and nucleo- 
tide-metabolizing enzymes is presented in Table I. Hydroxylamine at the 
final concentration of 0.005 m was without effect on either adenosine de- 
aminase or 5-nucleotidase activity. The interference in accumulation of 
uric acid due to the effect of hydroxylamine is presented in Fig. 1. Under 
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the conditions described here, both hypoxanthine and xanthine were oxi- 

dized at a constant rate throughout the experimental period. Addition of 
hydroxylamine to the incubation mixture containing either hypoxanthine 
or xanthine resulted in considerable inhibition of enzymatic activity. The 
degree of inhibition was not constant throughout but increased as the reac- 
tion progressed. This is indicated by the fact that the slopes of the 
reaction rate curves of those flasks containing hydroxylamine decreased 
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XANTHINE OXIDASE PREPARATION (M1) 

Fic. 2. Effect of hydroxylamine on xanthine and hypoxanthine oxidation. @, 
after 10 minutes; O, after 20 minutes; 4, after 30 minutes; A, after 40 minutes; and 
@, after 50 minutes. Lach flask contained 0.2 ml. of 10 per cent KOH (center well) 
and the appropriate amount of xanthine oxidase and TP buffer (pH 8.0) to give, 
after the addition of substrate and inhibitor, a final volume of 2.7 ml. 0.5 ml. of 
0.02 w hypoxanthine was placed in the side arm and dumped after a 10 minute equili- 
bration period. Freshly neutralized 0.05 m hydroxylamine (0.5 ml.) was added to 
the main compartment at the expense of the buffer. All the studies were carried 
out in duplicate at 37°. 


with time. This latter point is confirmed and more clearly indicated by 
the experiment reported in Fig. 2. In this case, the enzymatic activity 
in the presence of hydroxylamine is plotted against increasing enzyme 
concentration. The enzymatic activity of the flasks 10 minutes after the 
addition of hydroxylamine was very high, roughly equivalent to that which 
would be obtained in the absence of hydroxylamine. However, during the 
second and third 10 minute reaction periods a very marked inhibition of 
enzymatic activity occurred. The fact that all lines pass through the 
origin indicates a reversible type of inhibition (4). This is also shown by 
plotting the reciprocal of the reaction rate against the reciprocal of the 
substrate concentration (Fig. 3). This Lineweaver-Burk type plot (5) 
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demonstrates that the inhibition of xanthine oxidase activity produced by 
hydroxylamine is a true competitive type of antagonism, since all the 
plotted lines intersect the Y axis at the same point; 7.e., the point of maxi- 
mal velocity. 

In view of the demonstration (Figs. 1 and 2) that the activity of xanthine 
oxidase, in the presence of hydroxylamine, decreases with time, it became 
pertinent to test the effect of incubating enzyme and inhibitor together 
before the addition of substrate, and substrate and inhibitor together before 
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Fig. 3. Lineweaver-Burk plot of hydroxylamine inhibition of xanthine oxidase 
activity. X,3.7 K NH.OH; @, 2.5 X 10-* m NH.OH; @, 1.2 X 10-*m NH.OH; 
©, control. Each flask contained 0.2 ml. of a xanthine oxidase preparation, 0.4 ml. 
of hypoxanthine (0.02 m), and the appropriate amounts of freshly neutralized hy- 
droxylamine and TP buffer (pH 8.0) to give a final volume of 2.0 ml. Substrate 
was added at zero time, and the reaction was carried out at 37° for 40 minutes. 0.2 
ml. aliquots were then removed and added to 1.3 ml. of 4.6 per cent trichloroacetic 
acid, centrifuged, and uric acid was determined on the supernatant material. 


the addition of enzyme, in order to ascertain whether the substrate was 
competing with the antagonist for the enzyme or whether the substrate 
and the inhibitor were forming a complex which could not be utilized by 
the enzyme. Either one of these reactions could produce results similar 
to those recorded above. Neither of these explanations is supported by 
the experimental data presented in Fig. 4. Preincubation of substrate and 
inhibitor, or inhibitor with enzyme, for 30 minutes produced no greater 
inhibition of xanthine oxidase activity than did the simultaneous addition 
of substrate and inhibitor to the enzyme preparation. However, it has 
been demonstrated (Figs. 1 and 2) that the degree of inhibition of xanthine 
oxidase by hydroxylamine increases with time. Thus, one might surmise 
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that xanthine oxidase is vulnerable to hydroxylamine inhibition only dur- 
ing some stage of the enzymatic reaction: 7.e., that only the working en- 
zyme is attacked. 

In order to determine whether the buffering medium employed in these 
studies, Tris-phosphate (TP), might be contributing to the antagonism ob- 
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XANTHINE OXIDASE PREPARATION (M1) 
Fia. 4. Effect of hydroxylamine on xanthine oxidation; variations of enzyme 
concentration. A, xanthine control; O, xanthine + NH:OH (preincubated); @, 
xanthine + NH.OH (no preincubation); A, enzyme + NH.OH (preincubated). 
Flasks containing various levels of xanthine oxidase preparation and that quantity 
of TP buffer (pH 8.0) necessary to give a final volume of 2.0 ml. were incubated for 
30 minutes with and without the addition of 0.1 ml. of freshly prepared neutralized 
0.05 m hydroxylamine (preincubated). At the end of the 30 minute preincubation 
period, a similar quantity of hydroxylamine was added to the second series (no pre- 
incubation), and 0.2 ml. of 0.02 m xanthine was added to all flasks. Concurrently a 
series was run in which 0.1 ml. of freshly prepared hydroxylamine, xanthine, and the 
appropriate amount of TP buffer were incubated together for 30 minutes, at which 
time various levels of xanthine oxidase were added. At the end of a 30 minute period 
0.2 ml. of the reaction mixture was removed for uric acid analysis. All the studies 
were carried out in duplicate at 37°. 


served, studies were conducted in which a phosphate medium (0.039 m, 
pH 7.4) and a Tris buffer (0.1 m, pH 8.0) were compared with the Tris- 
phosphate medium (pH 8.0). The use of either a Tris or a phosphate buf- 
fer gave results similar to those obtained in the case of the Tris-phosphate 
medium (unpublished data). 

An attempt to localize the point of action of hydroxylamine in the in- 
hibition of xanthine oxidase is presented in Fig. 5. It was reasoned that, 
if methylene blue could act as a hydrogen acceptor in a system poisoned 
with hydroxylamine, then the antagonist could be regarded as interfering 
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with the oxidase portion of the enzyme. On the other hand, if methylene { 
blue failed to reverse or prevent antagonism by hydroxylamine, the dehy- 
drogenase portion of the enzyme would presumably be the area affected. 
Methylene blue markedly stimulated enzymatic activity in systems con- 
taining no inhibitor, but failed to produce a response in the presence of hy- 
droxylamine. ‘Thus, it is assumed that hydroxylamine inhibits the dehy- 
drogenase portion of the xanthine oxidase molecule. Subsequently, the 
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Fic. 5. Effect of methylene blue on hydroxylamine inhibition of xanthine oxidase t 


activity. @, hypoxanthine; A, hypoxanthine + methylene blue; O, hypoxan- | t 
thine + hydroxylamine + methylene blue; A, hypoxanthine + hydroxylamine. 
Each flask contained 1 ml. of xanthine oxidase preparation, 0.2 ml. of 10 per cent 
KOH (center well), and the appropriate amount of TP buffer (pH 8.0), to give a 
final volume of 2.7 ml. 0.5 ml. of 0.02 m hypoxanthine was placed in the side arm 
and dumped after a 10 minute equilibration period. 0.2 ml. of freshly prepared 
neutral hydroxylamine (0.05 m) and 0.5 ml. of 2.67 XK 10~-* m methylene blue solution 


were added to the main compartment when indicated, at the expense of the buffer. | I 
All studies were carried out in duplicate at 37°. a 
effect of hydroxylamine on another flavoenzyme, D-amino acid oxidase, f 
was determined (Fig. 6). This enzyme was antagonized in a manner f 
similar to that observed in the xanthine oxidase preparations. | ri 


The observation that another flavoenzyme, D-amino acid oxidase, is 
antagonized by hydroxylamine in a manner similar to the xanthine oxi- r 


dase, and the implication of the dehydrogenase portion of xanthine oxidase —s_ q 
as the site of hydroxylamine antagonism, suggested that the hydroxyl- a 
amine may be attacking the flavin adenine dinucleotide (FAD) portion of 

the enzyme. The studies recorded in the following paper (6) indicate that n 


hydroxylamine forms a chemical complex with riboflavin, riboflavin-5- 
phosphate, and FAD. These observations are taken as an explanation of 
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the inhibition of xanthine oxidase and p-amino acid oxidase activity by 
hydroxylamine. 
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Fic. 6. Effect of hydroxylamine on rat kidney p-amino acid oxidase activity. 
@, control; O, NH,OH (0.02 m). Each flask contained the equivalent of 100 mg. 
of rat kidney, fresh weight, 0.2 ml. of 10 per cent KOH (center well), and the appro- 
priate amount of 0.039 m potassium phosphate buffer to give, after the addition of 
substrate, a final concentration of 2.7 ml. 0.5 ml. of pi-alanine (0.3 Mm) was added 
to the side arm and dumped after equilibration at 37° for 10 minutes. All the de- 
terminations were carried out in duplicate. 


SUMMARY 


1. Hydroxylamine was observed to inhibit xanthine oxidase activity 
competitively, while it had no effect on such nucleotide or nucleoside- 
metabolizing enzymes as adenylic acid nucleotidase (5-nucleotidase) and 
adenosine deaminase. 

2. Preincubation of substrate and inhibitor together for 30 minutes be- 
fore the addition of enzyme or the preincubation of enzyme and inhibitor 
for a similar period of time, before the addition of substrate, had no effect 
on the ability of hydroxylamine to antagonize xanthine oxidase activity. 

3. The inhibition of xanthine oxidase by hydroxylamine was not ap- 
parent until 15 to 20 minutes after the addition of substrate to enzyme 
and inhibitor. The degree of inhibition progresses and becomes greatest 
approximately 30 minutes after the onset of the enzymatic reaction. 

4. p-Amino acid oxidase activity was inhibited by hydroxylamine in a 
manner similar to that observed in hydroxylamine inhibition of xanthine 
oxidase activity. 

5. Methylene blue was observed to have no effect on the ability of hy- 
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droxylamine to inhibit xanthine oxidase activity, thereby implicating the 
dehydrogenase portion of the enzyme as the site of inhibition. 
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EVIDENCE INDICATING A CHEMICAL REACTION BETWEEN 
HYDROXYLAMINE AND RIBOFLAVIN* 


By L. 8. DIETRICH ann BRENDA F. HARLAND 


(From the Departments of Biochemistry and Surgery, College of Physicians and 
Surgeons, Columbia University, New York, New York) 


(Received for publication, July 13, 1955) 


The observation that hydroxylamine inhibits xanthine oxidase activity 
through interference with the dehydrogenase portion of the enzyme (1) 
led us to determine whether hydroxylamine forms a chemical complex with 
riboflavin or its biological derivatives, riboflavin-5-phosphate (FMN) and 
flavin adenine dinucleotide (FAD). These studies were stimulated by 
those of Kaplan and his group, who explained hydroxylamine inhibition 
of alcohol dehydrogenase activity (2, 3) by demonstrating that diphospho- 
pyridine nucleotide (DPN) forms a chemical complex with hydroxylamine 
(4, 5). Spectrophotometric data reported in this paper indicate the for- 
mation of a chemical complex among riboflavin, FMN, FAD, and hydroxyl- 
amine. 


EXPERIMENTAL 


All analyses were carried out with a Beckman DU spectrophotometer. 
Riboflavin solutions were prepared daily or every other day and stored in 
the dark. All other reagents were freshly prepared before use, being ad- 
justed to the desired pH with KOH. 


RESULTS AND DISCUSSION 


The absorption spectrum of riboflavin in the presence and absence of hy- 
droxylamine is presented in Fig. 1. No differences were observed through- 
out the visible range. However, the minimum at 240 my was exaggerated 
in the presence of hydroxylamine, similar changes in optical density being 
observed in the case of FMN and FAD. The point of maximal difference 
was 245 mu for riboflavin and FMN and 240 mug in the case of FAD. Ob- 
viously, such an alteration in optical density is not indicative of the ribo- 
flavin-hydroxylamine complex but represents the summation of the absorp- 
tion of the remaining riboflavin and the riboflavin-hydroxylamine complex. 
That this change in the absorption spectrum of riboflavin in the presence 
of hydroxylamine is not due to the high ionic strength of the salt solution 
resulting from the neutralization of the hydroxylamine employed is demon- 
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strated by the observation that an equivalent or higher concentration of 
potassium or sodium chloride, per se, had no effect on the absorption spec- 
trum of riboflavin (unpublished data). 

Earlier studies, although consistently demonstrating spectral alterations 
at 245 my, were unsatisfactory, owing to the inability to reproduce the 
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Fic. 1. Effect of hydroxylamine on the absorption spectrum of riboflavin. xX, 
riboflavin; @, riboflavin + hydroxylamine. Freshly prepared hydroxylamine hy- 
drochloride (1 mM) was adjusted to pH 10.3 with KOH and added to a 6.8 K 10-5 
solution of riboflavin in 0.03 m pyrophosphate buffer (pH 10.5) to give a final concen- 
tration of 0.25 mM and 2.66 X 10-5 m for the hydroxylamine and riboflavin, respectively. 
Upon mixing, the final pH was determined, and the absorption spectrum was read 
against a blank consisting of 0.25 m hydroxylamine in 0.03 m pyrophosphate buffer 
(pH 10.5) in the case of the sample containing hydroxylamine and riboflavin. 0.03 m 
pyrophosphate served as the blank in the case of the riboflavin sample. Readings 
were made after the hydroxylamine and riboflavin reaction was at equilibrium (30 to 
40 minutes after mixing). 


magnitude of difference under supposedly constant conditions. Subse- 
quently, it was discovered that the reaction between hydroxylamine and 
riboflavin was rather sluggish, equilibrium not being established until 20 to 
30 minutes after the mixing of the reaction components (Fig. 2). When 
optical density measurements were carried out after equilibrium had been 
established, reproducible results were consistently obtained. It is of in- 
terest that the reaction rate curve of the hydroxylamine-riboflavin reaction 
is similar to that obtained in the case of hydroxylamine inhibition of 
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xanthine oxidase activity (1). In the latter case, inhibition was not maxi- 
mal until 30 to 40 minutes after the initiation of the enzymatic reaction. 
This is roughly the period of time necessary for the hydroxylamine reac- 
tion to reach equilibrium and is a further indication that hydroxylamine 
inhibits xanthine oxidase activity by complex formation with the ribo- 
flavin portion of the enzyme. Further evidence demonstrating a chemical 
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Fic. 2. Rate of formation of the hydroxylamine-riboflavin complex; reversibility 
of the reaction. @, riboflavin (1.33 XK 10-5 m) + hydroxylamine (0.5 m), final pH 
11.1; O, riboflavin (3.33 K 10-5 m) + hydroxylamine (0.5 Mm), final pH 11.1. Freshly 
prepared hydroxylamine hydrochloride (1 M) was adjusted to pH 11.5 with KOH and 
immediately added to an appropriate solution of riboflavin in 0.03 m pyrophosphate. 
The pH of the riboflavin solution containing no hydroxylamine and the reagent blank 
were adjusted accordingly. The initial readings began 1 to 2 minutes after the mix- 
ing of the hydroxylamine and the riboflavin. At the point designated by the arrow, 
the pH of the contents in the cuvette containing the higher concentration of riboflavin 
and its reagent control was adjusted to 7.3 with a minute quantity of 5n HCl. The 
dilution was kept constant in both cases and did not exceed 3 per cent. Control 
readings were made at 270 my, an area unaffected by hydroxylamine reaction with 
riboflavin. These values remained constant throughout. 


reaction between riboflavin and hydroxylamine is the observation that 
increasing concentrations of riboflavin in the presence of a constant level 
of hydroxylamine (Fig. 2), or increasing concentrations of hydroxylamine 
in the presence of a constant level of riboflavin (Fig. 3), resulted in a cor- 
responding increase in complex formation. The effect of pH on the for- 
mation of the riboflavin-hydroxylamine complex is presented in Fig. 4. 
At pH 7 to 8, no complex formation was observed. However, as the pH 
was increased, changes in optical density were observed in the presence of 
hydroxylamine. 

There appears to be some discrepancy between the inhibition of xanthine 
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oxidase at pH 8 (1) and the relative absence of a reaction between ribo- 
flavin and hydroxylamine at this pH (Fig. 4). Differences between enzy- 
matic and non-enzymatic reactions are, however, not uncommon and un- 
doubtedly reflect the ability of the apoenzyme to control local conditions 
on the protein surface. 
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Fig. 3. Effect of hydroxylamine concentration on the formation of the riboflavin- 
hydroxylamine complex. Final concentration of the riboflavin was 2.7 X 10-* m. 
Freshly prepared hydroxylamine hydrochloride was adjusted to pH 10.5 with KOH 
immediately before use. 0.03 m pyrophosphate served as the buffer. All cuvette 
contents were mixed and allowed to stand for 30 minutes before reading. The values 
are the difference in optical density between cuvettes containing riboflavin and those 
containing riboflavin and hydroxylamine. Control readings made at 270 my were 
unaltered throughout the experiment. 


That the hydroxylamine riboflavin complex is freely reversible is demon- 
strated in Fig. 2. The lowering of the pH of a riboflavin-hydroxylamine 
mixture at equilibrium from pH 11.1 to 7.3 by the addition of a minute 
quantity of acid (this point is indicated by the arrow) resulted in the virtual 
elimination of the decrease in optical density at 245 my produced at the 
higher pH by hydroxylamine. 

No unequivocal explanation of the mechanism of the chemical reaction 
between hydroxylamine and riboflavin is here proposed, but certain points 
of interest are presented for consideration. The reaction between hy- 
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droxylamine and riboflavin occurs only in an alkaline medium, the spectro- 
scopic effect increasing in magnitude with increasing pH (Fig. 4). The 
absence of any marked alteration in the slope of the curve at pH 10 could 
lead one to surmise that the ionization of the very weakly acidic group of 
the —CO—NH— grouping of the isoalloxazine ring (pK, 9.8 (6), 10.2 
(7)) is unimportant as related to the study at hand; 7.e., the ionized group 
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Fic. 4. Effect of pH on the reaction of hydroxylamine with riboflavin. Final 
concentration of riboflavin and hydroxylamine was 2.7 K 10-5 m and 0.25 m, respec- 
tively. Freshly prepared hydroxylamine hydrochloride was adjusted to the de- 
sired pH immediately before use. 0.03 m phosphate served as the buffer at pH 6 to 
8, 0.03 m pyrophosphate being used from pH 9 to 11. All the samples were read 30 
to 40 minutes after the mixing of the reaction components. The values are the 
difference in optical density at 240 my between cuvettes containing riboflavin and 
those containing hydroxylamine and riboflavin. Control readings made at 270 my 
were unaltered throughout the experiment. 
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neither participates in nor hinders the formation of the hydroxylamine- 
riboflavin complex. This is probably due to the fact that the proportion 
of riboflavin ionized even at pH 11 to 12 would be of such a low order of 
magnitude as to have no measurable effect on the hydroxylamine-ribo- 
flavin ratio. Hydroxylamine in basic solutions forms an anion (Equations 
1 and 2) which can react with aldehydes and ketones (8, 9). 


NH.OH + = ~NHOH + HOH (1) 
-NHOH = NH:0O- (2) 
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Oxime formation involves a nucleophilic attack on a positively charged 
carbon atom forming a C—N bond. Since the cyanide ion, like the hy- 
droxylamine ion, adds more readily to carbonyl groups than does the un- 
dissociated molecule (8, 10), the effect of "CN on the absorption spectrum 
of riboflavin was studied (Fig. 5). Cyanide addition produces changes in 
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Fia. 5. Effect of cyanide on the absorption spectrum of riboflavin. O, riboflavin 
(3.33 & Mm) in 0.03 m pyrophosphate (pH 11.2); X, riboflavin (3.33 10-5 m) and 
sodium cyanide (0.5 m) in 0.03 m pyrophosphate, pH 11.3. Freshly prepared sodium 
cyanide (1 mM) in 0.03 m sodium pyrophosphate was added to an equal volume of ribo- 
flavin (6.67 * 10-* m) in 0.03 m pyrophosphate; final pH 11.3. The riboflavin con- 
trol, in 0.03 m pyrophosphate, was adjusted to pH 11.3 with NaOH. Readings be- 
gan 30 minutes after the addition of the cyanide to the riboflavin. 


the riboflavin spectrum, in the region of 245 my, similar to those obtained 
in the case of hydroxylamine. The reaction appears to be somewhat more 
profound, as differences were also observed in the region of 300 my; no 
alterations were observed in the visible range. In the case of the cyanide- 
riboflavin complex, equilibrium is reached in less than 1 minute after the 
reaction components are mixed, compared to the 25 to 30 minutes needed 
in the hydroxylamine studies. Secondly, the reaction between ~CN and 
riboflavin is dependent on the pH. No reaction takes place at pH 7.3 
(unpublished data). However, at pH 11.3 the spectral alterations as re- 
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corded in Fig. 5 occur. Finally, the cyanide reaction appears to be ir- 
reversible. The lowering of the pH from 11 to 7, at which cyanide is es- 
sentially undissociated, caused no change in optical density in the region of 
' 245 my. This is in contrast to the freely reversible hydroxylamine-ribo- 
flavin reaction. The ability of two negatively charged groups, 7.e. -NH,O 
and —CN, to produce similar absorption changes of the spectrum of ribo- 
flavin in the region of 245 mu would seem to indicate a common point. of 
action or attack. 

As a result of various studies (6, 11) it is apparent that there is at least 
one intermediate in the reduction of riboflavin and its derivatives. This 
semireduced compound is a semiquinoid or quinhydrone type of substance 
and is thought to have a formula similar to Scheme I. Thus it can be seen 
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that the formation of any oxime or cyanhydrin-like compound, involving 
the carbon at position 4, could have a controlling influence on the forma- 
tion of this quinhydrone. Such a reaction would prevent the normal en- 
zymatic reduction of FAD. 

Theoretically, the substrates used in the xanthine oxidase studies, xan- 
thine and hypoxanthine (1), could, under the proper conditions, undergo a 
similar type of reaction with either hydroxylamine or cyanide. At the 
substrate and antagonist concentrations employed, such a reaction does 
not account for the enzymatic inhibition observed (1). In view of these 
findings this facet was not explored. 


SUMMARY 


1. The addition of high concentrations of hydroxylamine to aqueous 
solutions of riboflavin, riboflavin-5-phosphate, and flavin adenine dinu- 
cleotide produced a marked decrease in optical density in the region of 245 
my in the case of riboflavin or FMN and 240 mu in the case of FAD. The 
remaining portion of the spectrum was unaltered by hydroxylamine addi- 
tion. 

2. The rate of formation of the hydroxylamine-riboflavin complex, as 
measured by the decrease of optical density at 245 my, was found to be 
dependent on the pH. 
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3. The reaction between hydroxylamine and riboflavin was found to be 
slow, reaching equilibrium 20 to 30 minutes after mixing the reaction 
components. 

4. Within limits, the degree of reaction appears to be proportional to 
the concentration of hydroxylamine and riboflavin. 

5. The reaction between hydroxylamine and riboflavin was found to be 
freely reversible, as determined by altering the pH of the reaction. 


Addendum—Since this paper was submitted for publication, spectrophotometric 
studies were carried out employing a crystalline xanthine oxidase preparation gen- 
erously supplied by Mr. R. C. Bray of the Chester Beatty Research Institute, Lon- 
don, England. Incubation of hydroxylamine with enzyme preparation, in the ab- 
sence of substrate, caused no change in the enzymatic spectrum. Likewise, the 
incubation of substrate (formaldehyde), in an excess of oxygen, produced no spectral 
alterations. Incubation of hydroxylamine and substrate with enzyme produced 
spectral alterations at 240 my similar to those observed in the case of the non-enzy- 
matic reaction between hydroxylamine and FAD. However, there were additional 
spectral alterations in the area of 250 to 280 my, indicating that the mechanism of 
hydroxylamine inhibition of xanthine oxidase is more than a simple reaction of in- 
hibitor and cofactor. 
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LACTOSE METABOLISM 
V. THE URIDINE NUCLEOTIDES IN GALACTOSE TOXICITY* 


By R. G. HANSEN anv R. A. FREEDLAND 


(From the Laboratory of Biochemistry, Department of Dairy Science, University of 
Illinois, Urbana, Illinois) 


AND H. M. SCOTT 


(From the Department of Animal Science, University of Illinois, Urbana, Illinois) 


Witrn THE TECHNICAL ASSISTANCE OF ELIZABETH HAGEMAN AND CAROL KILBOY 


(Received for publication, July 15, 1955) 


Galactose is not tolerated by chicks when fed at levels exceeding 10 per 
cent of the diet (1). A typical quivering syndrome develops and in the 
more severe cases epileptiform seizures result. There appears to be an 
inability of the chick to catabolize this carbohydrate properly. Chicks 
can, however, grow and develop normally on purified diets, devoid of galac- 
tose, indicating a capacity to form the amounts of galactose necessary for 
the nervous tissue to complete the structure of such compounds as the 
cerebrosides. After a rather exhaustive study of galactose metabolism in 
laboratory animals, Handler (2) concluded that galactose in some way 
interferes with normal carbohydrate (glycogen or glucose) metabolism. 

By enzymatic assay Rutter and Hansen (3) found that livers from chicks 
fed galactose invariably contained more uridine diphosphate hexose than 
livers from glucose-fed controls. As these UDPHexose! coenzymes can be 
formed from uridine triphosphate and the appropriate hexose monophos- 
phate (4), Kalckar et al. have questioned the validity of such an enzymatic 
estimate of the UDPHexose coenzymes (5). Therefore, nucleotide ex- 
tracts from chicks fed galactose have been prepared and UDPHexose iso- 
lated with the aid of Dowex-formate columns by the method of Hurlbert 
et al. (6). The carbohydrate residue in the coenzyme fractions has also 
been determined as a function of the dietary régime. The results of these 
studies are the subject of this communication. 


* Supported in part by a grant from the United States Atomic Energy Commission 
(contract No. AT(11-1)-67, project No. 10). 

1 The following abbreviations are used: UDPHexose, uridine diphosphate hexose; 
UDP, uridine diphosphate; UTP, uridine triphosphate; UDPAcetylglucosamine, 
uridine diphosphate acetylglucosamine; UDPGalactose, uridine diphosphate galac- 
tose; UDPGlucose, uridine diphosphate glucose; UDPGlucuronic acid, uridine di- 
phosphate glucuronic acid; hexose-1-P, hexose-1-phosphate; Gal-1-P, galactose-1- 
phosphate; Glu-1-P, glucose-1-phosphate; ADP, adenosine diphosphate; ATP, 
adenosine triphosphate; PP, pyrophosphate; TPN, triphosphopyridine nucleotide. 
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Methods 


Newly hatched chicks were fed a standard purified diet (1). For the 
contrel group the carbohydrate source was glucose. The experimental 
group received the same diet, except that galactose was added at the ex- 
pense of glucose to make up 15 per cent of the diet. The chicks were 
allowed free access to the food throughout the experiment. When toxicity 
symptoms, as evidenced by quivering and seizures, developed (the 6th to 
the 10th day), the chicks were sacrificed and the tissues immediately re- 
moved. ‘The livers were extracted in a Waring blendor with 2 volumes of 
cold 0.6 N perchloric acid. The extract was centrifuged and the super- 
natant fluid decanted. The supernatant fluid was neutralized in the cold 


MODIFIED ROTARY CONCENTRATOR 


TO ASPIRATOR 
A 
E 


hia. 1. A, Rineo motor and vacuum adapter for the rotation of flasks; B, re- 
ceiving flask, 500 ml. round bottomed flask with an additional female 24/40 joint 
attached to the bottom; C, distilling flask, 500 ml. round bottomed flask with a 
male 24/40 joint; D, bath for dry ice and alcohol; &, warming bath, 


and the potassium perchlorate removed by filtration. The filtrate was 
placed on a formie acid-Dowex-formate column according to the method 
of Hurlbert et al. (6). Peaks were located and the nucleotide concentra- 
tion was estimated by ultraviolet absorption measurements at 260 and 275 
mu. The various uridine peaks were concentrated in vacuo at 30° with an 
adaptation of the Rinco rotary concentrator? (Fig. 1). The modification 
consisted of an extra 500 ml. round bottomed flask inserted in the system. 
The terminal flask was then heated at 30°, and the flask nearest the vacuum 
outlet was used as the receiver, which was cooled in a dry ice and alcohol 
mixture. The sample was concentrated until almost dry (about 15 minutes 
for 200 ml. of eluate); then the flask and the contents were transferred to 
an all-glass evaporator in which drying was completed from the frozen 
state. When further purification of the fractions was desired, a sample 
containing 2 to 5 wmoles of nucleotide which had been previously dried 
was dissolved in 5 ml. of water, adjusted to pH 6.8, and poured onto a 


2 Rinco Instrument Company, Greenville, Illinois. 
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Norit cellulose column (0.3 gm. of Norit and 3 gm. of powdered cellulose). 
The nucleotide was eluted from the Norit with 25 ml. of 40 per cent eth- 
anol and then with 100 ml. of 60 per cent ethanol containing 2 ml. of O.1 M 
NH,OH. The desired fractions from this elution were vacuum-concen- 
trated as before. Aliquots of the UDPHexose peaks were hydrolyzed with 
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hia. 2. Typical elution patterns of nucleotide extracts of chick liver. The extract 
from LO gm. of tissue was placed on a Dowex formate column and eluted with formic 
acid ammonium formate. fractions were collected. The following compounds 
were identified by either physical or enzymatic means in the peak indicated: diphos- 
phopyridine nucleotide (C), adenosine monophosphate (D), triphosphopyridine nu- 
cleotide (2), uridine monophosphate (1), adenosine diphosphate (J), uridine diphos- 
phate acetylglucosamine (M), uridine diphosphate hexose (N), uridine diphosphate 
(Oo), uridine diphosphate glucuronic acid (P), adenosine triphosphate (P). For a 
more detailed discussion of the identification of the compounds, see Hurlbert et al. 
(6). 


3 N sulfuric acid and the excess sulfate removed with barium hydroxide. 
The carbohydrates were qualitatively identified by chromatography with 
the ethyl acetate-pyridine-water solvent of Jermyn and Isherwood (7) and 
the spray reagent of Partridge (8). 


Results 


Comparisons were made on the nucleotides in liver extracts from four 
paired groups of chicks. To illustrate the separation of the nucleotides 
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from these liver extracts, a typical pair is presented in Fig. 2... The con- 
centrations of the principal uridine nucleotides as calculated from the data 
are listed in Table I. Uridine monophosphate, UDPAcetylglucosamine, 
UDPHexose, UDP, and UTP were all distinguishable. While it 1s recog- 
nized that these peaks do not represent pure compounds, it is nevertheless 
true that the major components of the various peaks are the compounds 
listed. In the method used UDPGlucose and UDPGalactose were not 
separated. Because separation of UDPGlucuronic acid, located on the 


TABLE I 


Uridine Nucleotides in Chick Liver (Average of Four Isolations) 


| 
Normal Galactose | galactose 


Peak | Compound | 
per | per pmoles per 
100 gm. 00 gm. 100 gm. 
I Uridine monophosphate 21.9 10.9 —1.0 
M ‘diphosphate acetylglucosamine 11.5 | 9.3 —2.2 
N hexose 8.8 18.5 +9.7 
Os 6.0 | 9.5 +3.5 
f Cq Cio 
> ~4 


Fra. 3. Photographs of the carbohydrate components of uridine diphosphate 
hexose. C; and Cy UDPHexose from normal liver. 8S, upper spot, galactose; lower 
spot, glucose. C, and Cyo, UDPHexose from liver from chicks fed galactose. 


front side of Peak P, was not well defined, quantitative calculations are 
not shown for this nucleotide. The most appreciable change due to the 
influence of the galactose diet is the increase in UDPHexose, which quan- 
titatively is more than doubled in the livers of galactose-fed chicks (18.5 
as compared to 8.8 ywmoles per 100 gm.). Uridine diphosphate levels 
were also greater in the livers, due to galactose feeding. The increase in 
UDPHexose was not made at the expense of any one of the other uridine 
fractions. Although uridine monophosphate and acetylglucosamine may 
have been lower, this change alone was not sufficient to account for the 
increases. 

To identify qualitatively the carbohydrate components of the nucleo- 
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tides, aliquots of the individual concentrates were subjected to hydrolysis 
with 3 N sulfuric acid. The hydrolysates were then spotted for sugar 
separation. In Fig. 3 photographs of the paper chromatograms of the 
hydrolyzed UDPHexose peaks are given. C3 and Cy, are from groups of 
chicks receiving the normal diet; C, and Cio are the nucleotide hydroly- 
sates from similar groups of chicks fed 15 per cent galactose. Although 
glucose is the predominate carbohydrate in the uridine nucleotide from 
normal liver, these results establish the occurrence of UDPGalactose in 
chick liver. It can be seen further that galactose is more abundant than 
glucose in the nucleotide extract from galactose-fed chicks. The standard 
column contained galactose (the upper spot) and glucose for reference. 
Thus the normal glucose-galactose ratio in the liver nucleotides is disturbed 
in the chicks fed galactose. 


DISCUSSION 


In the biological assay previously used (3), the stimulation of the follow- 
ing ‘‘galactowaldenase” reaction was used to estimate UDPHexose in 
tissue extracts: 


(1) Gal-1-P == Glu-1-P 


The presence of UDP and UTP in tissue extracts led Kalckar to cast 
doubt on this biological assay for UDPHexose in view of the discovery of 
the following reactions (4): 


(2) UDP + ATP = UTP + ADP 
(3) UTP + hexose-1-P — UDPHexose + PP 


The presence of enzymes for Reactions 2 and 3 in the Lactobacillus bul- 
garicus extracts and the presence of ATP and UDP or UTP in the tissue ex- 
tracts (concurrently with hexose-1-phosphate) could enhance the UDPHex- 
ose result. Indeed, these enzymes are present in the crude extracts of 
this organism (9); however, it is possible to fractionate them and to prepare 
a suitable galactowaldenase to study UDPHexose in biological extracts. 
The validity of the data obtained by biological assay has now been con- 
firmed by the extraction procedures used herein. ‘The increase in UDPHex- 
ose due to galactose ingestion was estimated to be 66 per cent by biological 
assay and 110 per cent by isolation. 

It appears that the 75:25 glucose-1-phosphate-galactose-1-phosphate 
equilibrium, as observed with the purified enzyme systems (10), approxi- 
mates the UDPGlucose-U DPGalactose ratio in the nucleotide extracts of 
normal liver. Since uridine diphosphate galactose is the major uridine 
diphosphate hexose in the livers of chicks fed galactose, it can be inferred 
that the equilibrium established by galactowaldenase does not occur in those 


= 
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chicks. Thus, under conditions of galactose toxicity the equilibrium is not 
possible. 

In some cases UDPHexose activity was determined enzymatically by 
pyrophosphorolysis with a fractionated yeast enzyme; the hexose phosphate 
formed was measured by reduction of TPN in the presence of phospho- 
glucomutase and Zwischenferment. The tests indicated that UDPHexose 
fractions were from 85 to 95 per cent pure UDPHexose. As galactose-1- 
phosphate was isomerized to glucose-1-phosphate by enzymes present in 
the yeast, this test would not distinguish between UDPGalactose and 
UDPGlucose. 

Rutter et al. reported trace amounts of lactose in the blood of chicks fed 
galactose (1). In view of the present results in which increased amounts 
of uridine diphosphate hexose and increased concentration of galactose in 
that nucleotide have been found, it is tempting to speculate that the lactose 
may have arisen from the following type of reaction: 


UDPGalactose + glucose — UDP + lactose 


or 
UDPGalactose + polysaccharide — UDP + lactose polysaccharide — 
lactose + polysaccharide 


It is possible that uridine derivatives may play an important rdle in 
normal catabolism of glucose. Buell (11) has reported the isolation of 
uridine monophosphate from highly purified phosphorylase. The present 
results suggest that it is not unlikely that the uridine galactose derivative 
may interfere with the normal metabolism of glucose either by depleting 
the tissue of a critical uridine glucose derivative or by competing with a 
uridine glucose derivative at a critical reaction site. 


SUMMARY 


Uridine nucleotides have been isolated from normal chicks and chicks 


fed galactose. 8.8 wmoles of UDPHexose per 100 gm. of tissue were iso- — 
lated from the livers of normal chicks as compared to 18.5 per 100 gm. of — 


tissue from the galactose-fed chicks. 


Although glucose is more abundant in the UDPHexose isolated from nor- _ 


mal tissue, galactose also occurs. In chicks with symptoms of galactose 
toxicity, the concentration of UDPHexose is increased and, in some cases, 
galactose may be practically the only hexose present in the UDPHexose 


fraction. 
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PERFLUOROOCTANOIC ACID INTERACTIONS WITH 
HUMAN SERUM ALBUMIN 


By GORDON L. NORDBY* ann J. MURRAY LUCK 
(From the Department of Chemistry, Stanford University, Stanford, California) 


(Received for publication, August 1, 1955) 


For several years perfluorooctanoic acid (1) COOH) has 
been used in this laboratory as a protein precipitant (2). Qualitatively it 
has been observed to bind so completely to proteins that little of the pre- 
cipitant remains in the filtrate; this is an obvious advantage in chromatog- 
raphy and in various analytical procedures. 

The purpose of the present study is to define the conditions under which 
perfluorooctanoic acid will effect a precipitation of human serum albumin 
and to describe in detail the interaction between these two reactants. 
Human serum albumin was used because of its unusual properties in bind- 
ing a variety of ions. 


Materials 


A solution of human serum albumin (decanol procedure) was electro- 
dialyzed at 40 volts per cm. against conductivity water and clarified by 
pressure filtration through a sterilizing filter pad. The product was lyo- 
philized and stored at 3°; appropriate amounts of the powder were removed 
as needed for the preparation of albumin solutions. 

Sodium perfluorooctanoate (PF8) solutions were prepared by carefully 
neutralizing a 0.5 per cent aqueous solution of the acid with a minimal 
volume of sodium hydroxide. 


Procedure 


Precipitation—A number of buffered 0.3 per cent solutions of serum al- 
bumin in PF8 were prepared. Each solution was distinctive with respect 
either to its PF8 concentration or to its pH, the latter being determined 
by 0.1 m Mellvaine buffers (3). The pH of each solution was between 
4.25 and 5.25. The PF8 concentration of each solution was such that the 
mole ratio (PF8 to albumin) ranged between 0 and 200.!. The solutions 
were thoroughly mixed, allowed to stand for 15 minutes, and centrifuged 
ina clinical centrifuge at room temperature for 20 minutes. For conditions 
under which the protein in a given solution was only partially precipitated, 
opaque supernatant solutions were sometimes formed; in all other cases the 


* Publie Health Service Research Fellow of the National Heart Institute. 
' A value of 61,500 was used for the molecular weight of human serum albumin (4). 
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supernatant solutions were clear. An aliquot of each supernatant liquid, 
or solution if no precipitate existed, was then analyzed for protein by the 
Lowry et al. modification of the Folin test (5). PFS does not interfere 
with this analysis. The percentage of albumin that was precipitated from 
each solution under the stated conditions of pH and PFS8 concentration 
was calculated. The results appear in Fig. 1. 

Anion Binding—A number of 0.3 per cent albumin solutions were pre- 
pared in radioactive PF8. The ratio (PF8 to albumin) in each solution 
was between 80 and 200. The solutions were then titrated at 25° to about 
pH 3 with hydrochloric acid. In the course of the titration between pH 
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Fic. 1. The percentage of human serum albumin precipitated from aqueous solu- 
tion is a function of the pH of the solution and the molar ratio (PF8 to albumin) in 
the system. For example, at pH 4.75 and a molar ratio (PFS8 to albumin) of 60, about 
48 per cent of the albumin is precipitated. 


4 and 3, the protein precipitated completely; several 0.005 ml. aliquots 
were removed from each supernatant liquid, placed on aluminum disks, 
and immediately dried under an infra-red lamp. The disks were then 
placed on an automatic sample changer which operated into a gas flow 
counter (6). The time required for an arbitrary number of counts was 
recorded for the sample on each disk. After making suitable corrections 
for efficiency and background interference in the counting, the relative ac- 
tivities of the samples were determined and compared with the original 
activities of their respective solutions before the titration was started. 
The molar ratio (bound PF8 to albumin) in each solution was then calcu- 
lated as a function of the molar ratio (PF8 to albumin). The data are 
given in Fig. 2. 

Hydrogen Ion Binding—-A number of 0.3 per cent albumin solutions were 


f 
I 
© 
wn 
of 
j 
Wi 
T | 
it, 
SO 
re 
Wi 


id, 
the 
ere 
om 
jon 


yre- 
ion 
out 
pH 


were 


G. L. NORDBY AND J. M. LUCK 401 


prepared. Half of the solutions contained that concentration of PF8 for 


which the molar ratio (PF8 to albumin) was 196; the remaining solutions 
contained an equivalent concentration of sodium chloride. Each solution 
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Fic. 2. Curve A, the molar ratio (PF8 to albumin) in a system determines the 
number of PF8 anions that bind to each albumin molecule. Curve B, the reciprocal 
of the number of PF8 anions bound to each albumin molecule is plotted against the 
molar ratio (albumin to free PF8). 
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Fic. 3. The number of hydrogen ions bound to an albumin molecule is a function 
of the pH of the solution. Curve A represents 1 mole of albumin in the presence of 
sodium PF8; Curve B represents 1 mole of albumin in the presence of sodium chloride. 


was then titrated at 25° with either hydrochloric acid or sodium hydroxide. 
The amount of hydrogen ion bound by the albumin, or dissociated from 
it, was calculated quite directly from the total acid or base added to a given 
solution and the amount of acid or base actually present in the solution as 
reflected by its pHl. Subsequently, the charge on the albumin molecule 
was calculated as a function of pH. The data are presented in Fig. 3. 
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DISCUSSION 


Precipitation—Although Fig. 1 indicates a certain critical range of pH 
and PF8 concentration which must prevail for the precipitation of human 
serum albumin, it also indicates in a qualitative manner the conditions 
under which most other proteins would be expected to precipitate. Three 
rather striking features are noted for attention. (1) The conditions of 
pH and ionic strength under which complete albumin precipitation occurs 
are very mild. (2) The precipitation of albumin is completely reversible 
with respect to pH. An albumin precipitate formed in a PFS8 solution can 
be completely dissolved by making the solution somewhat alkaline (pH 6 
to 7) to the pH at which precipitation occurred. The minimal pH to 
which the solution must be raised will depend, of course, upon the PF8 
concentration of the solution. (3) In acidic solutions, the precipitation of 
albumin is irreversible with respect to the PF8 concentration. Provided 
that an albumin precipitate is dialyzed against an appropriately acidic 
solution, it will not dissolve appreciably as the concentration of PFS8 in 
equilibrium with the precipitate decreases. However, the PF8 precipitant 
can readily be dialyzed from albumin in neutral or slightly alkaline solu- 
tions. 

Anion Binding—The scope of Curve A in Fig. 2 is restricted at the upper 
limit by the rather low solubility of PF8 in aqueous solution and at the 
lower limit by the concentration of PF8 which would adequately precipi- 
tate albumin under the conditions of the experiments. However, it is 
clear from the graph that a considerable number of PF8 anions bind to each 
albumin molecule. The molar ratio (bound PF8 to albumin) increases 
quite rapidly as the PF8 concentration is increased. In contrast, the molar 
ratio (bound PF8 to albumin) decreases very slowly as the molar ratio 
(PF8 to albumin) is decreased below about 120. In solutions containing 
the minimal concentration of PF8 which is effective in completely precipi- 
tating a given concentration of albumin, the PF8 is almost completely re- 
moved from the solution as part of the precipitating complex. 

The data of Curve A are treated by an expression derived by Klotz (7); 
the results appear as Curve B of Fig. 2. 


In the above equation, r is the molar ratio (bound PFS8 to albumin), n is | 


the molar ratio (maximal bound PF8 to albumin), c is the molar ratio (free 
PF8 to albumin) in the solution, and K is a constant proportional to the 
equilibrium constant for the PF8 anion-binding reaction. The parame- 
ters in the above equation are 1/r and 1/c. Although there is no a priori 
evidence that the equation does apply to PF8 anion binding, it can be as- 
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sumed, by virtue of the linearity of a portion of Curve B, that the equation 
does apply to the linear portion. The indicated extrapolation to infinite 
PF8 concentration reveals that a maximum of 63 PF8 anions bind to an 
albumin molecule by reactions having nearly the same equilibrium con- 
stant. Additional anions are bound to albumin at high PF8 concentrations 
by some less easily described series of reactions. At very high PF8 con- 
centrations, Curve B of Fig. 2 becomes nearly vertical; therefore the max- 
imal number of PF8 anions that can possibly bind to an albumin molecule 
cannot be calculated by the evidence available. In contrast, a study of 
octanoic acid anion binding by Teresi and Luck (8) reveals that a total 
of 36 octanoate ions binds to two types of sites on the albumin molecule. 
Preliminary isotope dilution studies indicate that the PF8 anions are re- 
versibly bound to the albumin molecule. 

Hydrogen Ion Binding—Two hydrogen ion binding curves for human 
serum albumin are depicted in Fig. 3. These binding curves are com- 
pletely applicable to reversible titrations over the pH range illustrated. 
It is readily apparent from these curves that PF8 strongly influences the 
albumin molecule charge in acid solution. A similar effect has been ob- 
served by Steinhardt (9) for the titration of wool protein in the presence of 
2,4,6-trinitroresorcinol, picric acid, or flavianic acid. 

By means of the equation described above, the extrapolation of Curves 
A and B to infinite hydrogen ion concentration indicates that the maximal 
number of bound hydrogen ions per albumin molecule is 107 in each case. 
This number agrees with that found by Tanford (10). Thus, the charge 
on the albumin molecule in extremely acid solutions in the presence of that 
concentration of PF8 represented by a molar ratio (PF8 to albumin) of 
196 does not exceed 28; 79 PF8 anions are bound under these conditions. 
The dotted line in Fig. 3 represents the difference between Curves A and 
B as a function of pH. The maximal difference between the two curves 
is near pH 4.25 at which an extra 64 hydrogen ions are bound by the al- 
bumin in the presence of PF8. The significance of the coincidence between 
the 64 extra hydrogen ions and the 63 strongly bound PF8 anions which 
are bound to the albumin is not known at this time; but the coincidence is 
so striking that it is brought to attention. Finally, it is apparent that 
Curves A and B coincide above pH 8. This is additional, although incon- 
clusive, evidence that the PF8 completely dissociates from the albumin 
molecule in alkaline solutions. 


SUMMARY 


It has been shown that human serum albumin can be reversibly precip- 
itated from aqueous solution under mildly acid conditions in the presence 
of low concentrations of perfluorooctanoic acid. In the formation of the 
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precipitate, the albumin molecule binds both hydrogen ions and perfluoro- 
octanoate ions to form, under the conditions of the experiments described, 
a complex that has a net charge of almost zero. 


Acknowledgment is made to the Cutter Laboratories for a sample of 
Fraction V (11), decanol human serum albumin, and to the Minnesota 
Mining and Manufacturing Company for a sample of perfluorooctanoic 
acid. Carboxyl-labeled (C") perfluorooctanoic acid was obtained through 
the Atomic Energy Commission from the Minnesota Mining and Manu- 
facturing Company. 


Addendum—Klevens and Ellenbogen have recently published their research on the 
van der Waals association of bovine serum albumin in the presence of perfluoro acids 
(12). 
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THE RATES OF INCORPORATION OF L-CYSTINE AND 
p- AND L-VALINE IN PENICILLIN BIOSYNTHESIS* 


Bry CARL M. STEVENS, EDWARD INAMINE,f anp CHESTER W. De LONG 


(From the Fulmer Chemical Laboratory, State College of Washington, 
Pullman, Washington) 


(Received for publication, August 29, 1955) 


The findings of Arnstein ef al. (1, 2) and those reported from this lab- 
oratory (3-5) have established that isotopically labeled L-cystine and 
DL-valine added to penicillin-producing cultures of Penicillium chrysogenum 
are extensively incorporated into the penicillin molecule. The evidence 
indicates that the entire cystine molecule and the carbon skeleton of valine 
are utilized, while the fate of the valine nitrogen is uncertain. Also the 
data reported have failed to establish the pathway of incorporation of 
these amino acids into penicillin. 

It seemed possible that light might be shed on the mechanism of bio- 
synthesis of penicillin by a study of the rate of incorporation of cystine 
and valine under different conditions. Such a study might also provide 
information on the relationship of penicillin to the metabolism of the mold. 


Methods and Results 


The procedures for culture of the mold, the strain of Penicillium em- 
ployed, and the methods for ‘‘washing out” of radioactive compounds and 
for determinations of radioactivity have been described previously (3). 

In the present experiments, the isotopically labeled substrates were 
added at varying times after the start of the fermentation and the uptake 
of isotope into penicillin was determined at short intervals. An unwashed 
mycelial inoculum was used, since with this procedure the yields of peni- 
cillin were somewhat higher and less variable. 

S*5-labeled L-cystine was obtained from the Abbott Laboratories, North 
Chicago, Illinois, and C'-carboxyl-labeled pi-valine from the Isotopes 
Specialties Company, Inc., Glendale, California. The latter compound 
was resolved by the general technique utilized by Wood and Gutmann (6) 
in the resolution of labeled cystine. A 13 mg. portion of the isotopically 
labeled pL-valine and 350 mg. of unlabeled p- or L-valine were dissolved in 
10 ml. of hot water and crystallized by addition of 90 ml. of hot absolute 


* This work was supported in part by a research grant from Eli Lilly and Com- 
pany, Indianapolis, Indiana, and in part by funds for biological and medical re- 
search, State of Washington Initiative Measure No. 171. 

t Present address, Department of Biochemistry, Cornell University Medical Col- 
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ethanol, followed by slow cooling. The product was recrystallized suc- 
cessively from appropriately reduced volumes of 90 per cent ethanol. Af- 
ter four recrystallizations the specific activities of the products were con- 
stant and agreed with those calculated, assuming complete resolution. 
The yield was approximately 60 per cent. 

In certain experiments both C-labeled valine and S**-labeled cystine 
were added to the culture medium, and the penicillin was isolated as the 
crystalline triethylamine salt in the manner described previously. In con- 
trol experiments with known mixtures of S**-labeled penicillin and C"- 
carboxyl-labeled penicillin, it was found that, in the determination of S* 
by the micro-Carius procedure and precipitation with benzidine sulfate, 


TABLE I 
Utilization of u-Cystine for Penicillin Biosynthesis 
Each flask contained inorganic sulfate equivalent to 10.9 mg. of S per 100 ml. at 
the start of the fermentation. An equivalent amount of S*5-labeled L-cystine was 
added to the different flasks at the times indicated. 


$45-labeled penicillin formed, units per ml. 
Time before addi- 
tion of L-cystine 
48 hrs. 60 hrs. 72 hrs. 84 hrs. 96 hrs. 
hrs 
0 74 127 202 288 342 
0 «50 110 168 254 323 
48 65 120 185 214 
48 60 118 179 230 
72 3 66 123 
72 64 120 


at the levels of radioactivity employed there was no detectable contamina- 
tion with C“. On the other hand, in the determination of C™ by oxidation 
and precipitation as barium carbonate, a significant amount of S** is found 
in the precipitate. Under the conditions employed, this amounted to 3.5 
per cent of the sulfur content of the samples. This correction was applied 
to all relevant data. 

In early experiments, the rate of incorporation into penicillin of S*- 
labeled L-cystine added at various intervals was determined. Data from 
such an experiment are included in Table I. The results indicate that 
L-cystine added at 0, 48, and 72 hours after the start of the fermentation 
is quite rapidly incorporated into penicillin. Over this period the rate of 
incorporation of cystine is approximately constant, amounting in this ex- 
periment to 60 to 65 units of penicillin per ml. of broth per 12 hours. 

In later experiments involving a more detailed study of utilization of 
L-cystine added at 60 hours, it was demonstrated that the rate of uptake 
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of L-cystine into penicillin is approximately linear even at intervals as 
short as 10 to 15 minutes. This is shown graphically in Fig. 1. In order 
to establish with certainty that the amyl acetate-extractable radioactivity 
after short intervals actually represented benzylpenicillin, samples of broth 
were obtained at 2 and 12 hours after the addition of labeled L-cystine. 
Benzylpenicillin was isolated as the triethylamine salt and recrystallized to 


(units/ml. 


LABELED PENICILLIN 


TIME (hrs.) 

Fic. 1. Rate of formation of S*>-labeled penicillin from S*5-labeled wL-cystine. 
L-Cystine was added after 60 hours. O, determination of radioactivity of amyl] 
acetate extract; A, determination of radioactivity by isolation of crystalline peni- 
cillin and conversion to benzidine sulfate before counting. 


constant radioactivity. As indicated in Fig. 1, these results were in ex- 
cellent agreement with the determinations of extractable radioactivity. 

In Table II are listed data from two experiments in which the rate of 
uptake of S** from L-cystine into penicillin is compared with the uptake 
of C into penicillin from carboxyl-labeled p-valine when both compounds 
were added to the same broth at 60 hours after the start of the fermenta- 
tion. In these cases penicillin was isolated at 3, 6, and 12 hours after the 
addition of equivalent amounts of S**-labeled L-cystine, C-labeled p-valine, 
and non-labeled L-valine to the mold culture. It is evident that the rate 
of uptake of p-valine does not parallel that of L-cystine or the rate of ap- 
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pearance of penicillin. There is a distinct lag in incorporation of C" into 
penicillin over the first 6 hours, followed by a rapid incorporation in the 
second 6 hour period. 


TABLE II 
Comparison of Rates of Utilization of u-Cystine and p-Valine for Penicillin 
Biosynthesis 
Each flask contained inorganic sulfate equivalent to 10.9 mg. of S per 100 ml. at 
the start of the fermentation. An equivalent amount of S*5-labeled L-cystine, 16.6 
mg. of C-labeled p-valine, and 16.6 mg. of non-labeled L-valine were added after 
60 hours. 


$%-labeled penicillin formed, units per ml. C-labeled penicillin formed, units per ml. 
63 hrs. 66 hrs. 72 hrs. 63 hrs. 66 hrs. 72 hrs. 
6A 10.6 25 68 2.1 4.1 25 
6B 24 62 2.1 25 
8A 9.1 23 2.8 26 
8B 10.4 23 | 65 | 0.3 3.9 33 


LABELED PENICILLIN (units/ml!) 


TIME (hrs.) 
Fic. 2. Rate of formation of C'*-labeled penicillin from valine-1-C'*. Valine was 


added after 60 hours. C'*-labeled p-valine; @, C-labeled t-valine; 0, 


labeled p-valine plus non-labeled L-valine; O, C'4-labeled L-valine plus non-labeled 
D-valine. 


Experiments were next performed to compare the rate of uptake of 
D-valine into penicillin with that of L-valine. Parallel runs were made in 
which C-labeled p-valine or C-labeled L-valine was added with or with- 
out the addition of an equivalent amount of the other optical isomer in 
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non-labeled form. From the data as presented in Fig. 2, it can be seen 
that, whereas the incorporation of C™ from p-valine again exhibits a pro- 
nounced lag during the first 6 hours, the incorporation of L-valine is rapid 
during this period. In this respect it resembles L-cystine, although it will 
be noted that under the conditions of these experiments the extent of in- 
corporation of L-valine in the first 6 hours is only about one-fourth that of 
L-cystine. There will be noted a decreased incorporation of L-valine dur- 
ing the second 6 hour period, owing perhaps to rapid metabolism of this 
amino acid (1). 


DISCUSSION 


The results of the present experiments, which establish a rapid incorpora- 
tion of cystine into penicillin at least over a considerable portion of the 
usual culture period, suggest that penicillin should not be considered an 
“autolysis” product. The accumulation of penicillin suggests rather the 
accumulation of substances by biochemical mutants. In this connection, 
the reported accumulation of large amounts of methionine by a penicillin- 
producing strain of P. chrysogenum (7) is of interest. 

The lag in uptake of p-valine, in contrast to the considerable uptake of 
L-valine into benzylpenicillin in short periods after addition, strongly sug- 
gests that p-valine is not a normal intermediate in the biosynthesis of peni- 
cillin, and thus that the final configuration of the asymmetric carbon of the 
penicillamine portion is established at some later step in the incorporation 
of the valine skeleton. 


SUMMARY 


Addition of S**-labeled L-cystine to cultures of Penicillium chrysogenum 
Wis. 48-701 at various stages during the fermentation results in rapid in- 
corporation of the compound into the penicillin molecule. 

Similar experiments with C-labeled p- and L-valine demonstrate that, 
whereas the L isomer is rapidly incorporated, there is a considerable lag 
before maximal incorporation of p-valine is reached. These data suggest 
that p-valine is not a direct precursor of penicillin. 
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ISOLATION OF 5-AMINO-4-IMIDAZOLECARBOXAMIDE 
RIBOSIDE* 


By G. ROBERT GREENBERG anp EDRA L. SPILMAN 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, June 22, 1955) 


Studies from this laboratory (1-5) and by Buchanan and coworkers 
(6-9) and others (10, 11) have provided evidence that purine rings are 
synthesized as their ribose phosphate derivatives. Studies on the forma- 
tion of inosine-5’-phosphate in pigeon liver preparations (4) suggested that 
a precursor of this compound might be 5-amino-4-imidazolecarboxamide- 
5’-phosphoriboside. This concept was strongly supported by the findings 
of Schulman and Buchanan that free aminoimidazolecarboxamide was con- 
verted to inosinic acid prior to the formation of hypoxanthine (6) and 
that C'-formate could exchange with carbon 2 of inosinic acid (12). 

Stetten and Fox (13) isolated and Shive and coworkers (14) later iden- 
tified 4(5)-amino-5(4)-imidazolecarboxamide in sulfonamide-inhibited cul- 
tures of Escherichia coli. It has been postulated that sulfonamide inhibits 
the synthesis of a p-aminobenzoic acid derivative involved in activating a 
l-carbon unit (10) required for closure of the purine ring (15), as well as for 
the synthesis of serine, methionine, and a thymine derivative. We may 
picture the conversion of the carboxamide compound to the purine deriva- 
tive as occurring at the level of a ribotide in the accompanying scheme. 


Glycine + CO, + ribose phosphate, etc. — intermediates — 


“formate”’ 
imidazolecarboxamide phosphoriboside /-/— ribonucleotide 
| sulfa block 
imidazolecarboxamide riboside 
| 
imidazolecarboxamide 


It is to be expected that such a mechanism of sulfonamide inhibition 


* Supported by grants from The National Foundation for Infantile Paralysis, 
Inc., the National Institutes of Health, and the Elisabeth Severance Prentiss Foun- 
dation. A preliminary account of this work was published in 1952 (1). It was re- 
viewed in symposia before the American Society of Biological Chemists in 1953 (2) 
and the American Institute of Nutrition (3). 
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would lead to the accumulation not only of the free base but also of the 
ribotide and the riboside of the carboxamide. 

This paper describes the isolation of aminoimidazolecarboxamide riboside . 
in pure form from the culture medium of sulfonamide-inhibited FE. coli. — 
Evidence is presented that this compound has the structure N! -(8-p-ribo- — Be. 


HN | 
II 


OH OH 


EXPERIMENTAL 


Materials—4(5)-Amino-5(4)-imidazolecarboxamide hydrochloride was. Va 
synthesized by the method of Windaus and Langenbeck (16) by Dr. Everett 
Schultz of Sharp and Dohme. The pure recrystallized xylose employed ; ph 
as the ribose standard wasa giftfrom Dr. L. Manson. p-Lyxose, p-ribose, | pa 
and L-arabinose were obtained from the Pfanstiehl Chemical Company. | _ nit 
Inosine was obtained from the Nutritional Biochemicals Corporation, | H! 
Cleveland. Preparations of xanthine oxidase and nucleoside phosphoryl- | mi 
ase were obtained according to Kalckar (17). chl 


1The naming of these compounds is based on precedents set by Windaus and aor 
Langenbeck who first synthesized the free base (16) and on usage in Chemical ab- 
stracts. Because of the two tautomeric forms the free base is named 4(5)-amino- 
5(4)-imidazolecarboxamide, while because of the nitrogen substitution the riboside tion 
becomes 5-amino-4-imidazolecarboxamide riboside, the substituted nitrogen being | ete! 
position 1 of the ring. 4 
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Methods 


Aminoimidazolecarboxamide compounds were measured as non-acety- 
latable, diazotizable amine by a modification (18) of the method of Bratton 
and Marshall (19) after acetylation of other amines (mainly sulfadiazine) 
with 2 per cent aqueous acetic anhydride solution at room temperature. 
The determination was carried out with 0.2 N nitric acid solution rather 
than with sulfuric acid solution. Ribose was determined by the procedure 
of Mejbaum (20) with a heating time of 40 minutes. Inosine was meas- 
ured by the differential spectrophotometric method of Kalckar (21) with 
arsenate (22) rather than phosphate. 

Paper chromatography was carried out at room temperature on What- 
man No. 1 paper. The following solvents have been employed (all ratios 
are in volume proportions) : (1) n-butanol saturated with water, 1 m NH,OH 
in chamber, (2) n-butanol, 8,8’-dihydroxyethyl ether, and water (4:1:1), 
1m NH,OH in chamber (23), (3) Solvent 2 saturated with boric acid, (4) 
n-butanol, glacial acetic acid, and water (4:1:5), (5) n-butanol and 50 per 
cent acetic acid (1:1), (6) 5 per cent ammonium citrate, pH 4.4, and 95 
per cent ethanol (18:77), (7) 5 per cent ammonium citrate, pH 9.0, and 
95 per cent ethanol (22:73), (8) isoamyl alcohol layered over 5 per cent 
K2zHPO, (24), ascending, (9) n-propanol and water (4:1), (10) n-propanol 
and water (3:2), 1 m NH,OH in chamber, (11) n-butanol, 95 per cent 
ethanol, and water (4:1:5), (12) ethyl acetate, glacial acetic acid, and 
water (3:1:3). With Solvents 4 and 12 the organic phase was employed, 
and the aqueous phase was placed in the chamber. 

The chromatographic data in this paper were obtained under widely 
varying conditions but always with known standards. Consequently, the 
migration rates are not presented as physical constants but as relative 
values and to establish the points in question. 

Free sugars were detected on the paper chromatograms with the aniline 
phthalate reagent of Partridge (25). Diazotizable amine was detected on 
paper chromatograms by spraying first with a freshly prepared solution of 
nitrous acid (1 ml. of 0.1 per cent NaNO, solution plus 8 ml. of 0.2 n 
HNO;), 5 minutes later with 0.5 per cent ammonium sulfamate, and 3 
minutes later with 0.1 per cent N-(1-naphthyl)-ethylenediamine dihydro- 
chloride. When the amine was present in high concentration, a pink spot 
appeared after application of the nitrous acid. Compounds which ab- 
sorbed ultraviolet light were also detected on paper chromatograms under 
an ultraviolet lamp with a visible light filter (Mineralite) (24). Absorp- 
tion measurements were made with a Beckman model DU spectrophotom- 
eter. 

The picrate derivative of imidazolecarboxamide riboside was prepared 
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as follows: 30 mg. of IR? were dissolved in 5 ml. of water by warming to 
55°. To this solution were added 5 ml. of a solution of picric acid satu- 
rated at 4°. A voluminous crystalline precipitate formed immediately, 
and the mixture was allowed to stand at 4° for 6 to 8 hours. The picrate 
was collected by centrifugation, washed twice with 10 ml. portions of water, 
and then dried under an air jet. The crystals were light yellow in color 
and had the form of short needles. The compound did not melt. 

5-Amino-4-imidazolecarboxamide riboside was converted to the 5-form- 
amido derivative followed by closure of the ring essentially by the pro- 
cedure of Shaw (26), but on a smaller scale. After formylation, the excess 
formic acid and acetic anhydride were removed by lyophilization, and 
closure of the ring was brought about by heating at 90-95° in 0.05 m 
KHCO; for 3 hours. Inosine was identified and analyzed in the reaction 
mixture as described under ‘‘Results.”’ 


Results 


Preparation of 5-Amino-4-imidazolecarboxamide Riboside—FE. coli, strain 
B, was carried on Difco nutrient agar slants and transferred approximately 
monthly. The glucose-salts solution was prepared after Spizizen, Kenney, 
and Hampil (27) by dissolving the following compounds in 500 ml. of dis- 
tilled water: NH,Cl 0.5 gm., (NH4)2S0O, 0.05 gm., NaCl 0.1 gm., MgCl.-- 
6H.O0 0.1 gm., NazHPO,-7H2O 11.4 gm., and KH2PO, 3.0 gm. This solu- 
tion was autoclaved, and an equal volume of an autoclaved solution of 
0.8 per cent glucose was added. In the case of studies with test-tube 
quantities 10 ml. of the medium were pipetted into 21 * 175 mm. tubes, 
additions were made, and the tubes were plugged with cotton and auto- 
claved for not more than a total of 10 minutes at 15 pounds. 

The inoculum was grown as a stationary culture for 16 hours at 37°. A 
density reading of 150 to 170 in a standard colorimeter tube at 540 my in 
the Klett colorimeter represented normal growth. To each liter of glucose- 
salts medium containing 30 mg. of glycine and 112 mg. of sulfadiazine were 


added 40 ml. of inoculum. The incubation was carried out in stationary | 


culture at 37° for 11 hours, with 3 liters of medium in a 12 liter Florence 
flask. After the incubation the Klett colorimeter reading was between 50 
and 80. 

The following operations were carried out at room temperature. To 
each liter of medium were added 5 gm. of Filter-Cel (Johns-Manville). 
The suspension was stirred for about 5 minutes and then filtered through 
Whatman No. 1 paper. Analysis of the clear filtrate showed 80 to 100 


The following abbreviations are used: IR, 5-amino-4-imidazolecarboxamide 
riboside; I, 4(5)-amino-5(4) -imidazolecarboxamide. 
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umoles of non-acetylatable, diazotizable amine per liter. The procedure 
has been carried out on a 200 liter scale in a large kettle, with a liquid 
depth of about 18 inches. 

To this filtrate was added 1 gm. of Norit A per liter and the mixture was 
stirred for 45 minutes. All of the amine was adsorbed. The Norit A was 
collected and dried on a Biichner funnel. The amine was eluted by shak- 
ing the filter cake for 3 hours with 10 times its weight of ethanol-concen- 
trated ammonium hydroxide-water in the volume proportions of 5:3:2, 
and the charcoal was filtered on a Biichner funnel. This extraction pro- 
cedure was repeated two additional times. The yield of non-acetylatable, 
diazotizable amine was about 60 per cent. The combined filtrates were 
concentrated to an oil in vacuo with a water pump. To dissolve the oil 
10 ml. of water were added for each liter of original medium, and the 
solution was brought to pH 10 to 11 by addition of ammonium hydroxide. 
The deep amber solution was passed through a Dowex 1 formate column 
(10 per cent cross-linkage). For batches of 0.5 mmole of riboside 12 K 70 
mm. columns were employed. The riboside was washed through the col- 
umn with water? The resulting riboside solution was light amber, most 
of the dark material being retained on the column. 

The solution was concentrated by drying from the frozen state, and the 
resulting oil was dissolved in 0.01 Nn HCl (100 ml. per 0.5 mmole of ribo- 
side). The acidified solution was adsorbed on a Dowex 50 column in the 
ammonium form. For each batch of 0.5 mmole a rather large column 
(20 X 400 mm.) was used, since the capacity of the resin for the riboside 
islow. The column was washed with a volume of 0.01 nN HCl equal to the 
volume of the acid solution of riboside and then with an equal volume of 
distilled water. Elution of the riboside from the column was readily ef- 
fected with 0.1 N NH,OH and was followed by determining the ultraviolet 
absorption at 267 mu. The eluate was reduced to a small volume in vacuo 
and then to dryness by lyophilization. The residue was dissolved in a 
minimal amount of water (less than 10 ml.) by gentle heating in a water 
bath and transferred to a small beaker. Over a period of several days at 
4° the riboside crystallized. Recrystallization was brought about by dis- 
solving the riboside in a minimal quantity of water, decolorizing by heat- 
ing with a very small addition of Darco G-60 charcoal if necessary, and 
allowing the solution to stand at 4° for 48 hours or more. 

Crystallization may be hastened by freezing the solution and then bring- — 
ing it to 4°. Crystals as long as 5 mm. were obtained. They had a slight 
amber color. The over-all yield of the riboside was about 30 per cent. 


*Small quantities of the corresponding ribotide could be found by eluting the 
column with large volumes of 0.2 M ammonium formate at pH 4.18. 
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Characterization of 5-Amino-4-imidazolecarboxamide Riboside 


Melting Point—On a melting point block (Fisher) the riboside showed a 
deepening amber color at about 194—196° (uncorrected) and melted with 
decomposition at 213-214°. 

Elementary Analysis of Crystalline IR and Its Picrate—Two times re- 
crystallized riboside, dried at 150°, and the air-dried picrate were analyzed 
for C, H, and N content. Table I shows that the analysis of IR is in 
excellent agreement with the empirical formula, CygHiN,Os, which corre- 
sponds to the proposed structure of carboxamide riboside. Analysis of 
the picrate is in good agreement with the combination of 1 mole of picric 


TABLE I 
Analysis of 6-Amino-4-imidazolecarbozamide Riboside and Its Picrate 


Cc H N 


Riboside C,H 


per cent per cent ber cent 


These analyses were made by the Huffman Microanalytical Laboratories, Wheat- 
ridge, Colorado. 


acid and 1 mole of IR plus 1 mole of water of crystallization (CjsHyN;On-- 
H,0). 

Paper Chromatography—Table II is a summary of the migration of IR 
in a number of solvents. It may be noted that in the presence of boric 
acid IR exhibits a lower Ry value than in its absence, whereas the free 
base is unaffected by borate (compare Solvents 2 and 3). 

Pentose Content—Table III demonstrates that the carboxamide com- 
pound contains 1.00 mole of pentose per mole. 

Nature of Pentose—In the earlier studies (1), after almost complete 
purification, some glucose and a trace of a free pentose were found as 
contaminants. The pentose was recognized as arabinose. The crystal- 
line riboside is free of these contaminants. Carboxamide riboside was 
hydrolyzed with 0.5 nN HCl at 100° for 60 minutes. The hydrolysate was 
subjected to paper chromatography with several solvents and the migra- 
tion of the liberated sugar was compared with that of p-ribose, p-xylose, 


Picrate, 
Caleulated............... 
Found | 36 .00 4.05 19.14 
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t-arabinose, and pD-lyxose. It will be seen (Table IV) that in each case 
the liberated pentose, which was detected as a pink spot by the aniline 


TaBLeE II 
Paper Chromatographic Properties of Imidazolecarbozamide Riboside and Some 
Related Compounds 


Rp value or cm. from starting line*® 
Solvent No.f 
1 2 3 4 5 6 7 8 9 
cm Rp Rr cm cm. cm Re Rp Rr 
Carboxamide riboside...... 6.7 | 0.43 | 0.22 | 21 30.2} 18.2) 0.43) O. 0.40 
0.40 | 0.25 | | 
13.4 | 0.54 | 0.57 | 22.9 0.51 
2.4 | 0.34 | 0.17 | 18.7 
onl 8.2 | 0.53 | 0.27 | 17.6 
ep-Agabimese.........cccaee- 6.8 | 0.43 | 0.20 | 15.0 
0.19 
3.6 | 0.47 12.7 
Adenosine-5’-phosphate. . . . 11.9) 6.8) 0.12 0.65) 


* Numbers less than 1 are Rp values. Those greater than 1 are in cm. of migra- 
tion from the starting line, inasmuch as the solvent was allowed to migrate off the 
paper (40 cm.). In Solvent 8 inosinic acid and imidazolecarboxamide ribotide had 
Rr values of 0.81 and 0.76, respectively. Sulfadiazine in Solvent 9 showed an Ry of 
0.86. IR had an Rp of 0.65 in Solvent 10. 

t For a description of the solvents see ‘‘Methods.”’ 


TaB_e III 
Pentose Content of Crystalline Carboramide Riboside 
Pentose 
Added IR 

Found Calculated 

umole pmole 
19.2 0.0770 0.0775 

38.4 0.146 0.145 


A solution of recrystallized imidazolecarboxamide riboside (mol. wt. 258) in 
water was made, and aliquots of this solution were taken for analysis by the orcinol 
method. 


phthalate reagent, corresponded closely to the migration of authentic p-ri- 
bose. In every case only one sugar was found after hydrolysis. 
Analysis of the riboside in the impure and pure state and in the eluates 
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from paper chromatograms of the culture medium showed no indication of 
deoxyribose by colorimetric analysis (28). 


TABLE IV 
Chromatographic Identification of Ribose As Pentose of IR 


Migration in cm. 
Solvent | Solvent Solvent Solvent 
5 11 12 1 
Carboxamide riboside.........| (21) 12.9 
Acid hydrolysate of riboside, 

17.8 19.8 26.6 20.8 15.1 
18.3 23.3 16.1 13.7 
eS eee 14.8 16.1 20.0 14.3 7.9 10.6 
| 12.3 13.5 15.5 | 9.7 7.5 


The figure in parentheses refers to approximate migration of IR as determined 
in other chromatograms. All solvents were allowed to flow off the end of the paper 
(40 cm.). 


TABLE V 
Liberation of 5-Amino-4-imidazolecarboramide from IR by Acid Hydrolysis 


Solvent 1° Solvent 2 
Cm. from start Re 
8.9 0.36 


* Detection of compounds with Solvent 1 was by ultraviolet light. In Solvent 2 
both ultraviolet light and diazotization were used and the compounds corresponded 


exactly. 
t Authentic carboxamide subjected to hydrolysis procedure and then chromato- 


graphed. 


Liberation of Carboxamide Base from IR by Acid Hydrolysis—Hydrolysis 
of IR with 1 nN HC! for 30 minutes at 100° liberates a base which is identi- 
cal with authentic synthetic carboxamide, as shown by the results of the 
chromatography of the hydrolysate (Table V). This was further estab- 
lished by eluting the liberated base from the paper and identifying it by 
its absorption spectrum and its content of non-acetylatable, diazotizable 
amine. In this reaction the riboside has a molecular extinction coefficient 
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of about 27,500 with a broad maximum at 530 my. The free base shows 
a value of 24,500. 

Absorption Spectrum of IR—Fig. 1 presents the spectra of IR in neutral, 
alkaline, and acid solutions. The maximum in neutral solution is between 
266 and 268 my. The molar extinction coefficient at the maximum is 


OPTICAL DENSITY 


0.20 


220 230 240 250 260 270 280 290 


WAVELENGTH MILLIMICRONS 


Fic. 1. Absorption spectrum of IR in neutral, alkaline, and acid solutions. Con- 
centration 0.112 wmole per ml. @, 0.1 M potassium phosphate, pH 7.05; O, 0.1 N 
NaOH; 0, 0.1 x HCI. 


12,800. In acid solution the riboside has a second absorption maximum 
at 246 my. 

Chemical Conversion of 5-Amino-4-imidazolecarboxamide Riboside to Ino- 
sine—Shaw (26) has shown that the carboxamide base can be formylated 
to 5-formamidoimidazole-4-carboxamide which can undergo ring closure in 
dilute bicarbonate. In order to establish the exact configuration of the 
glycosidic linkage and to obtain unequivocal proof of structure, IR was 
formylated and the ring was closed by the procedure of Shaw. After the 
ring closure the reaction mixture was chromatographed on paper. The 
results (Table VI) show that the product is inosine. The reaction mixture 
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after ring closure showed an extinction maximum at 249 my at pH 7 
and the spectrum coincided well with that of authentic inosine and with 
data in the literature (29). On the basis of the spectral change the yield 
of inosine from the riboside in this reaction was about 56 per cent. 

To provide further evidence that the product was inosine the reaction 
mixture was treated with nucleoside phosphorylase and xanthine oxidase 


TABLE VI 


Identification of Inosine As Product of Formylation and Ring Closure of 
Imidazolecarboramide Riboside 


Solvent 1 | Solvent 2 
| Rr | Rr 
| 0.05 0.37 


TaBLeE VII 


Conversion of Synthetic Inosine to Uric Acid by Nucleoside Phosphorylase 
and Xanthine Oxidase 


umole 
Synthetic inosine added........................... | 0.59* 


Conditions, 125 ymoles of sodium arsenate, pH 7.5, inosine, xanthine oxidase, and 
nucleoside phosphorylase additions in order. Volume 4.1 ml.; room temperature. 
The addition of 0.14 umole of authentic inosine at the end of the reaction gave a 
theoretical rise in density. No change in optical density occurred after xanthine 


oxidase alone. 
* Determined from the optical density at 249 mp with a molecular extinction co- 


efficient of 11,800 (21). 
t Calculated on the basis of a change in optical density at 290 my of 10,900 per 
mole per liter for a 1 em. light path (21). 


(21) in the presence of arsenate (22). By these reactions inosine is con- 
verted to ribose and hypoxanthine. The latter then is oxidized to uric 
acid, the reaction being observed by the rise in optical density at 290 mu. 
Table VIT presents the result of such a treatment of the inosine obtained 
by the formylation and closure of the carboxamide riboside. The com- 
pound gave no significant rise at 290 mp with xanthine oxidase alone, 
showing that free hypoxanthine was not present. However, when the 
nucleoside phosphorylase was added, an almost quantitative formation of 
uric acid occurred, based on the optical density of the starting inosine 
solution at 249 mu. 
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DISCUSSION 


The present paper provides evidence that 5-amino-4-imidazolecarbox- 
amide riboside accumulates in the culture medium of £. coli under sulfon- 
amide stasis. The identity of the compound is based on the following: 
the chromatographic behavior, the absorption spectrum, the elementary 
analysis of the compound and its picrate, the ribose content, and the iden- 
tification of the base liberated by acid hydrolysis as 5-amino-4-imidazole- 
carboxamide. Finally, the chemical conversion of the riboside to inosine 
proves that the glycosidic linkage is to the N' position of the base, that it 
is of the 8 configuration, and that the ribose exists as the p-furanoside. 

Imidazolecarboxamide riboside is also formed by a p-aminobenzoic acid- 
requiring mutant of #. coli.‘ Since this riboside was first described (1), it 
has been found by Gots (11) in a purine-requiring mutant of FE. coli and 
by Weaver and Shive (30). More recently Korn, Charalampous, and Bu- 
chanan (31) have found that nucleoside phosphorylase catalyzes the forma- 
tion of IR from imidazolecarboxamide and ribose-1-phosphate. 

While the riboside is by far the predominant form in which the amine 
accumulates,® the 5’-phosphoriboside accounts for about 5 per cent of the 
amine. Gots (11) also has found evidence for the formation of the phos- 
phoriboside by the purine-requiring mutant. It appears reasonable to con- 
sider that the riboside arises from the ribotide by phosphatase action and 
then is excreted into the culture medium. Present evidence strongly sug- 
gests that 5-amino-4-imidazolecarboxamide-5’-phosphoriboside or a closely 
related derivative is the true intermediate in the biosynthesis of purine 
nucleotides (2, 3, 6, 7, 32-34). It may be added that the riboside of the 
carboxamide compound is readily converted to the 5’-phosphoriboside by 
both pigeon liver and brewers’ yeast extracts (3). 

The relationship of the occurrence of aminoimidazolecarboxamide com- 
pounds to folie acid derivatives and to the activation of a 1l-carbon unit 
has been discussed previously (2, 3, 32).¢ 


SUMMARY 


5-Amino-4-imidazolecarboxamide riboside has been isolated in crystal- 
line state from the culture medium of Escherichia coli under sulfonamide 
stasis. 

On the basis of its elementary analysis, ribose content, the identification 
of the free base which is liberated on acid hydrolysis, and finally on its 


‘Greenberg, G. R., unpublished results, 

*Only traces of free imidazolecarboxamide are found in young cultures, The oe- 
currence of the free base in the original isolation (13, 14) probably resulted from acid 
hydrolysis of the glycosidic linkage during manipulation, 

* Mrs. Hale Bumpus provided important technical assistance in these studies. 
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chemical conversion to inosine, the structure N'-(8-p-ribofuranosyl)-5- 
amino-4-imidazolecarboxamide has been assigned. 
The significance of the occurrence of this compound has been discussed. 
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PREPARATION OF 5’-PHOSPHORIBOSYL-5-AMINO-4- 
IMIDAZOLECARBOXA MIDE* 


By G. ROBERT GREENBERG 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, July 25, 1955) 


The compound, 5’-phosphoribosyl-5-amino-4-imidazolecarboxamide, has 
been proposed as an intermediate in the biosynthesis of inosine-5’-phos- 
phate (1-7). The corresponding riboside of this compound accumulates 
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in the culture medium of Escherichia coli grown under sulfonamide stasis 
(5, 8). This paper describes the enzymatic phosphorylation of the ribo- 
side and the isolation of the resulting ribotide. Evidence for the proposed 
structure, N'-(8-p-5’-phosphoribofuranosyl) -5-amino-4 -imidazolecarboxa- 
mide, is presented. 

* This investigation was supported by grants from the National Institutes of 
Health, United States Publie Health Service, and the Elisabeth Severance Prentiss 
Foundation. Preliminary descriptions of these studies have been given at the meet- 


ings of the American Society of Biological Chemists (1) and the American Institute 
of Nutrition (2), 
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EXPERIMENTAL 


Materials—5-Amino-4-imidazolecarboxamide riboside was prepared as 
described previously (5, 8, 9) and was recrystallized three times. Sodium- 
3-phosphoglycerate was prepared from the commercial barium salt by 
passing a 0.1 nN HCl solution of compound through a Dowex 50 column 
in the hydrogen ion cycle and bringing the resulting free acid and hydro- 
chloric acid to pH 7 with NaOH. Adenosine triphosphate was obtained 
from the Pabst Brewing Company. Barium ribose-5-phosphate was ob- 
tained from the Nutritional Biochemicals Corporation, Cleveland, and 
converted to the sodium salt by treatment with Na2SO, solution. Ribose- 
1-phosphate was prepared by the method of Rowen and Kornberg (10). 
C4-Formate was synthesized by the procedure of Melville, Rachele, and 
Keller (11). The preparation of pigeon liver acetone powder and boiled 
extract of liver has been described (9). The procedure of Heppel and 
Hilmoe (12) was employed to prepare 5’-phosphonucleotidase. The mus- 
cle enzyme fraction was prepared according to Ratner and Pappas (13). 
The enzyme for converting the riboside to the ribotide was extracted from 
a washed, low temperature dried brewers’ yeast obtained from Anheuser- 
Busch, Ine. (Lot D-422). 

Methods—Periodate consumption was measured by the spectrophoto- 
metric method of Dixon and Lipkin (14). Diazotizable amine was meas- 
ured according to the procedure of Ravel, FKakin, and Shive (15), except 
that 0.2 n nitric acid was used in place of the sulfuric acid solution. Phos- 
phate was analyzed by the method of Gomori (16) and pentose according 
to the procedure of Mejbaum (17), with a heating time of 40 minutes and 
adenosine-5’-phosphate as a standard. Incorporation of C'-formate into 
a non-acid-volatile form (18) was assayed by a previously described pro- 
cedure (9). Total nitrogen was determined by digestion with sulfuric 
acid and hydrogen peroxide, followed by direct nesslerization. Optical 
density measurements were made with a Beckman model DU spectropho- 
tometer. 

Brewers’ yeast was autolyzed for 3.5 hours according to the procedure 
of Kornberg and Pricer (19). The autolysate was dialyzed at 4° against 
running distilled water for 24 hours and lyophilized. This almost white 
powder is stable indefinitely at 4° in a vacuum desiccator. Pigeon liver 
extract was prepared by stirring acetone powder with 10 volumes of 0.05 
mM K2HPO, for 20 minutes at 0° and then centrifuging for 30 minutes at 
10,000 X g. 

The following solvent systems were employed for paper chromatography 
(the ratios are in volume proportions): (1) 77 per cent ethanol, (2) 5 per 
cent Ke:HPO, layered by isoamy] alcohol, (3) 5 per cent ammonium citrate, 
pH 9, and 95 per cent ethanol (22:73), (4) saturated ammonium sulfate, 
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0.2 m sodium acetate, pH 5.9, and isopropanol (79:19:2), (5) same as 
Solvent 3 but with citrate at pH 4.4 instead of at pH 9.0, (6) n-butanol 
and 50 per cent acetic acid (1:1), (7) n-propanol and water (4:1) in the 
presence of | M NH,OH. Whatman No. | paper was used and descending 
chromatography was employed except as otherwise indicated. 


RESULTS AND DISCUSSION 


Preparation of IRM P-5' from Riboside—The protocol of a typical prepa- 
ration is described. The following additions were made: 15 ml. of dialyzed 
yeast autolysate (55 mg. of lyophilized powder per ml. of water), 105 umoles 
of 5-amino-4-imidazolecarboxamide riboside, 96 ywmoles of MgCl, 168 
umoles of sodium-3-phosphoglycerate, 60 uwmoles of NasATP, 6 mg. of 
muscle enzyme fraction, 600 uwmoles of potassium phosphate buffer, pH 
7.4, water to a volume of 21 ml. The reaction was carried out in an Erlen- 
meyer flask for 60 minutes at 38° and then cooled and transferred to a 
centrifuge tube and the flask was rinsed three times with 2 to 3 ml. of water. 
To the combined mixture were added 2 ml. of 20 per cent trichloroacetic 
acid. After centrifugation the protein precipitate was washed four times 
with 5 ml. portions of 1 per cent trichloroacetic acid. The combined 
supernatant solutions (50 to 60 ml.) were extracted three times with 150 
to 200 ml. portions of ether in a separatory funnel. The ether dissolved 
in the aqueous phase was aerated with Ne gas. A saturated solution of 
Ba(OH): was added until the pH was 8.5 or until no further precipitation 
occurred. The precipitate, which contains the major part of the added 
ATP and also phosphoglycerate and phosphate, was collected by centrifu- 
gation and redissolved in 10 ml. of 0.1 m acetic acid; the solution was ad- 
justed to pH 8.5 and the resulting precipitate was collected by centrifuga- 
tion. This procedure was repeated once more and the precipitate was 
discarded. The combined supernatant fractions (88 ml.) containing 81 
umoles of diazotizable amine were adsorbed on a Dowex 1 (acetate form, 
4 per cent cross-linkage, 200 to 400 mesh) column having the dimensions 
2.7 sq.cm. X 11.4em. The solution was added to the column slowly, and 
then the column was washed with 230 ml. of water. 23.6 umoles of un- 
reacted riboside were found in the water eluate. Elution of the 5’-phos- 
phoriboside was effected by 0.20 mM ammonium acetate, pH 4.18, at a flow 
rate of 1 to 2 ml. per minute. About 40 ml. fractions were collected. In 
the first 150 ml., unidentified compounds having maxima at 275 and 280 


! Abbreviations, IRMP-5, 5-amino -4 -imidazolecarboxamide - 5’-phosphoriboside; 


IR, corresponding riboside of this compound; I, the free base of the compound; 
AMP-5, adenosine-5’-phosphate; AMP-3, adenosine-3’-phosphate; ATP, adenosine 
triphosphate; R-1-P, ribose-1-phosphate; R-5-P, ribose-5-phosphate; IMP-5, inosine- 
5’-phosphate. 
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my were eluted. The phosphoriboside was eluted between 963 and 1424 
ml. It was characterized in the eluates by a maximal extinction at 267 my 
and ratios of optical densities at 267 my/260 my of 1.08 to 1.11 and at 267 
myu/272 my of 1.04 to 1.06. Fractions having values outside these ranges 
were rejected. Adenosine-5’-phosphate was eluted immediately following 
the carboxamide ribotide. Table I shows how these ratios changed as 
AMP-5 was eluted. In this run the fractions through 1258 ml. were used. 


TABLE I 
Elution of Ribotide from Dowexr-Acetate Column 
IRMP-5 per ml. 
E267 mp (0.5 cm.) By ultraviolet By 
absorption* diazotizationt 

ml, umole umole 
931— 963 0.045 
963-1004 0.244 1.11 1.06 0.038 0.035 
1004-1044 0.755 1.10 1.05 0.118 0.116 
1044-1087 1.303 1.09 1.05 0.204 0.192 
1087-1130 1.732 1.09 1.05 0.270 0). 266 
1130-1173 1.684 1.08 1.04 0.263 0.266 
1173-1215 1.440 1.09 1.04 0.225 0.208 
1215-1258 0.960 1.09 1.05 0.150 0.144 
1258-1300 0.562 1.07 1.06 t 
1300-1341 0.581 1.03 1.10 t 
1341-1383 0.287 0.96 1.17 t 
1383-1424 0.163 0.90 1.26 t 


* A molar extinction coefficient of 12,800 at 267 my is assigned for the 5’-phos- 
phoriboside. 

t With carboxamide riboside as a standard. 

t About 7 umoles of diazotizable amine were in the combined last four fractions. 
From the E267/E260 ratios and comparison to previous runs IRMP-5 accounted for 
approximately 94, 80, 52, and 30 per cent, respectively, of the optical density at 267 
my in the last four fractions. 


When the length of the column was doubled and the cross-sectional area 
correspondingly decreased, the separation of ribotide and adenylic acid was 
complete, but this has not been carried out on large scale runs. Ammo- 
nium acetate was removed by lyophilization and the process was repeated 
two times after redissolving the ribotide and remaining ammonium acetate 
in a small volume of water. The ammonium salt of the ribotide in aqueous 
solution or as the lyophilized powder has been used for most of our studies 
of the enzymatic formation of inosinic acid (1, 2). 

Table I shows that close to a 1:1 molar ratio holds between the diazo- 
tizable amine values and the optical densities at 267 mu of different frac- 
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tions of the ribotide peak as long as the fractions show relatively constant 
aNd 272 ratios. This constancy provides good evidence for 
the homogeneity of the ribotide as it is taken from the column. 52 ywmoles 
of ribotide were obtained in pure form and another 7 umoles were rejected 
because of contamination with AMP-5. The actual yield of about 50 per 
cent of pure ribotide in this case was compensated by the recovery of 22 
per cent of the starting material. 

Preparation of Calcium Salt—20 umoles of the ammonium salt of IRMP-5 
in 2 ml. were treated with 60 umoles of CaCl, and the solution was adjusted 
to pH 8 with KOH. To the total volume of 2.5 ml. were added 4 vol- 
umes of 95 per cent ethanol with stirring. After standing for 2 hours at 


TABLE II 
Rp Values or Relative Migration Rates of IRMP-& and Some Related Com pounds* 
Solvent No.t 
1 2 3 4 5 6t 
0.23 0.76 0.08 0.51 7.5 12.5 
0.24 0.65 0.12 0.34 6.8 11.9 
0.21 0.81 0.09 0.58 6.1 7.5 
0.56 0.14 9.6 14.9 
0.45 0.60 0.43 18.2 30.2 


* Numbers less than 1 refer to Rp values and those greater than 1 to cm. from 
starting line. In the latter the solvent was allowed to flow off the end of the paper 
(40 cm.). 

t See ‘‘Methods.’’ 

t Some streaking. 


0° the precipitate was centrifuged in the cold, and then taken up in 1.5 
ml. of water, and 4 volumes of alcohol were again used to precipitate the 
salt. Reprecipitation was carried out two times more, followed by wash- 
ing with ethanol and ether. The salt was dried over NaOH. 

Paper Chromatography of IRM P-5—Table II presents some data on the 
relative migration of IRMP-5 and of related compounds. In each of six 
solvents IRMP-5 isolated from the Dowex 1 column migrated as one com- 
ponent. 

Partial Fractionation of Carboxamide Riboside Kinase—A systematic pu- 
rification of the kinase was not carried out. Some of the solubility charac- 
teristics of the enzyme are illustrated in the following partial fractionation. 
28 ml. of autolysate were dialyzed overnight against distilled water at 4° 
and brought to pH 4.75 by addition of 1 N acetic acid at 0°. After 30 
minutes the precipitate which had been formed was removed. 24 ml. of 
the supernatant fraction were brought to an ethanol concentration of 16.4 
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per cent by slow addition of 95 per cent ethanol while gradually lowering 
the temperature to —5°. The precipitate was collected in the centrifuge 
at —5°, and then the supernatant solution was brought to a concentration 
of 52.5 per cent ethanol while lowering the temperature to — 12° to — 15°, 
Each precipitate was taken up in 24 ml. of water and the insoluble material 
was rejected. 

Table III presents the results of such a fractionation. Apparently a 
competing degradation reaction is removed, since the sum of the activities 
of the two alcohol fractions is considerably higher than that of the original 


autolysate or of the acid supernatant fraction. 


TABLE III 
Assay of Kinase Fractions 
umoles IRMP-5 
Protein Volume IRMP-5 per hr. per mg. 
protein 
mg. per ml. mil, pumoles per hr. os 
25.2 28 302 0.41 
Acid supernatant.............. 13.9 24 259 0.80 
0-16.4% ethanol............... 1.70 24 115 2.42 
16.4-52.5% ethanol............ 12.88 24 302 0.98 


Assay of the reaction was made on 0.5 ml. of enzyme under conditions essentially 
as described for the preparation of IRMP-5 except that the time was 30 minutes. 
IRMP-5 was determined by diazotization after separation from IR by paper chro- 
matography and elution from the paper. 


Evidence for Structure of IRM P-5 


Conversion to Riboside—Table IV shows that IRMP-5 is attacked by the 
specific 5’-phosphonucleotidase (12) to form the 5-amino-4-imidazolecar- 
boxamide riboside. The liberated riboside was characterized not only by 
its Ry values but by its ultraviolet absorption spectrum and its quantita- 
tive diazotizable amine reaction. It was identical in every respect with 
the carboxamide riboside (5, 8). It will be observed that AMP-3 is not 
attacked by the enzyme. Concomitant measurement of orthophosphate 
showed almost quantitative formation of phosphate from AMP-5 and 
IRMP-5, while negligible phosphate was released from AMP-3. It ap- 
pears that the activity of 5’-phosphonucleotidase is of the same order of 
magnitude on IRMP-5 as on AMP-5. It is of interest to note that, while 
this enzyme is active on IRMP-5 containing an almost complete purine 
nucleus, it shows only about 1/50 the rate on glycinamide ribotide, which 
contains no ring structure (20), as it does on AMP-5. This appears to be 
in accord with the general findings of Heppel and Hilmoe (12) regarding 
the specificity of this enzyme. 
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Ribose-6-phosphate Content Acid hydrolysis of IRMP-5 on Dowex 50 
resin and separation of the ribose phosphate moiety according to the pro- 
cedure of Khym and Cohn (21) yielded an oreinol-reactive product which 
accounted for all of the ribose of the IRMP-5 and whose movement on the 
ion exchange column corresponded exactly with that of authentic ribose-5- 
phosphate. 

Absorption Spectrum—The absorption spectrum of the ribotide at pH 
7.0 is shown in Fig. 1.) The maximum is between 267 and 269 my and the 
molecular extinction coefficient 1s calculated to be 12,800. 

Analysis of Calcitum Salt—A solution of the calcium salt of the carbox- 
amide ribotide in water was analyzed for total nitrogen, organic phos- 


IV 
Formation of Riboside from IRMP-5 by Action of 5'-Phosphonucleotidase 
Rp value 
AMP-5 after 0.41 


Conditions, 0.1 ml. of 5’-phosphonucleotidase, 40 wmoles of tris(hydroxymethyl)- 
aminomethane buffer, pH 8.5, 2 umoles of AMP-5, AMP-3, or IRMP-5, and 0.7 ml. 
of water. Incubation for 5 minutes at 37°. 0.5 ml. of 10 per cent trichloroacetic 
acid added and 0.1 ml. of filtrate chromatographed with Solvent 7. 


phorus, and for periodate consumed in the oxidation of the ribose moiety. 
It will be observed (Table V) that the molar ratio of total nitrogen to 
phosphorus to periodate consumption was 3.96:1.00:1.02. The analysis 
agrees with a molecular weight of 503 for the calcium salt, corresponding 
to the empirical formula CygHyO;N4PO;Ca-7H.O. Since the water con- 
tent was not determined directly, the value must be taken only tentatively. 
When three times recrystallized 5-amino-4-imidazolecarboxamide riboside 
was used as a standard, the calcium salt of the ribotide showed an apparent 
0.91 mole of diazotizable amine per mole of phosphorus. The coupled 
diazonium derivative of the ribotide exhibits a broad maximal absorption 
at about 540 my, whereas the maximum of the corresponding riboside is 
at about 530 mu. 

The evidence that the ribotide has the structure, N'-(8-p-5’-phospho- 
ribofuranosy])-5-amino-4-imidazolecarboxamide, may be summarized as 
follows: The analytical data and the behavior of IRMP-5 are in good agree- 
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ment with the suggested structure. IRMP-5 is converted by the specific 


h-phosphonucleotidase to the riboside which previously has been estab- 
lished unequivocally to have the structure, N'-(8-p-ribofuranosyl)-5-amino- 
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WAVELENGTH MILLIMICRONS 
Fic. 1. Ultraviolet absorption spectrum of 5-amino-4-imidazolecarboxamide ribo- 
tide. 0.0221 mg. of calcium salt per ml. of 0.01 mM potassium phosphate, pH 7.0. 


TABLE V 
Analysis of Calcium Salt of IRMP-&* 
Found Calculated 
umoles pmoles 
Periodate consumed........................ 4.46 4.39 
Organic phosphorusf........................ 4.38 4.39 


* 2.21 mg. of the calcium salt were dissolved in 10 ml. of water and the aliquots 
were analyzed. The data are referred to the total sample and the calculated value 
is based on a molecular weight of 503. 

t No inorganic orthophosphate was present. 


4-imidazolecarboxamide. Acid hydrolysis of IRMP-5 liberates ribose-5- 
phosphate. 

Nature of Kinase Reaction—Two types of experiments have been carried 
out to determine the type of reaction involved in the conversion of IR to 
IRMP-5. By measurement of the release of CO, from a bicarbonate me- 
dium with and without IR in the reaction system it was found that ap- 
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proximately | mole of gas was liberated per mole of IRMP-5 formed. 
This is consistent with the usual ATP kinase reaction forming adenosine 
diphosphate and phosphorylated product. Some effort was made to ob- 
tain a phosphate balance in spite of apyrase activity, and it was found 
that approximately | mole of 9 minute acid-labile phosphate (ATP) dis- 
appeared per mole of ribotide formed. At the time these experiments were 
carried out the possibility existed (22, 23) that the mechanism of synthesis 
might be via phosphorolysis of the riboside to the free base and ribose-1- 
phosphate, followed by formation of ribose-1,5-diphosphate which could 
then react with the free base again to form the ribotide and orthophos- 


TasLe VI 
Conversion of IR to IMP-6 in Pigeon Liver Extracts 
Special additions Formate incorporated 
on umole 


Conditions, 0.4 ml. of an extract of pigeon liver acetone powder, 0.2 ml. of boiled 
liver extract, 8 umoles of MgCl:, 50 umoles of potassium phosphate, pH 7.4, 5 umoles 
of ATP, 13 umoles of 3-phosphoglycerate, 1.7 umoles of pL-homocysteine, 2.5 wmoles 
of Na formate-C!, 20,000 counts per umole, 2 mg. of muscle extract fraction, 0.5 
umole of 5-amino-4-imidazolecarboxamide riboside or the free base, 2 umoles of so- 
dium R-5-P or ammonium ribose-1-phosphate. Total volume, 1.73 ml. Reaction 
time 10 minutes, 37.5°, gas phase Nz. The reaction was stopped with 1 ml. of 10 
per cent trichloroacetic acid. An aliquot of the filtrate was plated on a glass plan- 
chet, and the incorporated C'!-formate was assayed (9). 


phate. Such a mechanism would still satisfy the typical ATP kinase bal- 
ance requirements. This possibility was tested in pigeon liver extracts 
which also convert the riboside to IRMP-5. Pigeon liver extracts in the 
presence of boiled extract, ATP, and formate catalyze the conversion of the 
ribotide to inosinate (1, 2). In the absence of formate and boiled extract 
IMP-5 is not formed and IRMP-5 accumulates. Therefore the incorpora- 
tion of C'-formate into a non-volatile compound (IMP-5) is a measure of 
the rate of conversion of IR to IRMP-5. Table VI shows that significant 
fixation of C'-formate occurred only in the presence of IR but not with 
the free base together with R-5-P or R-1-P. Since these experiments were 
carried out, Korn, Charalampous, and Buchanan (24) have demonstrated 
that IR is formed from the free base and R-1-P. Buchanan and coworkers 
have shown that the ribotide can be formed by the reaction of the free 
base with a polyphosphate derivative of ribose, since shown to be 5-phos- 
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phoribosylpyrophosphate (25). Apparently under the conditions of these 
experiments the IR kinase reaction was the most rapid of these reactions. 
It is not known whether or not IR kinase is identical with the adeno- 
sine kinase which was purified from the same source by Kornberg and 
Pricer (19). 

Significance of Occurrence of IRMP-5—In the present study IRMP-5 
was formed from the riboside. Small quantities of IRMP-5 can be iso- 
lated from the culture medium of Escherichia coli grown under sulfona- 
mide bacteriostasis (5). In the latter case it is considered that IRMP-5 is 
formed de novo from ribotide precursors (2, 5, 20, 26) and not from the 
riboside. Buchanan and coworkers recently have shown that IRMP-5 oc- 
curs both as the result of the opening of the ring of inosinie acid (7) and 
as a product of the reaction of 5-amino-4-imidazolecarboxamide and 5- 
phosphoribosylpyrophosphate? (25). Accordingly, it appears that IRMP-5 
may be formed in several ways. 

The occurrence of IRMP-5 and the finding that it can be converted to 
inosinic acid (1, 2, 7) strengthen the idea that it is an intermediate in the 
biosynthesis of purine derivatives (1-7). 


SUMMARY 


5-Amino-4-imidazolecarboxamide-5-phosphoriboside has been formed 
from the riboside by an extract of brewers’ yeast. 

The ribotide has been assigned the structure N'-(8-p-5’-phosphoribo- 
furanosy])-5-amino-4-imidazolecarboxamide. This structure is based on 
the absorption spectrum, the chromatographic behavior, the analytical 
data, the conversion to the previously established 5-amino-4-imidazole- 
carboxamide riboside by 5’-phosphonucleotidase, and the formation of ri- 
bose-5-phosphate by acid hydrolysis. 
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A number of recent studies have shown that 6-aminolevulinic acid (6AL) 
and porphobilinogen (PBG) are early intermediates in the biosynthesis of 
porphyrins (1-4). Enzyme studies have also shown that PBG is formed 
by the condensation of 2 molecules of 6AL (5-7). 

The occurrence of AL in biological material has not been reported pri- 
marily because a method for its detection has not been available. In this 
paper, a sensitive colorimetric method for the quantitative determination 
of 5AL is described. The analysis of AL in urine is also described. By 
means of this method, AL has been found in urine of a patient with acute 
porphyria (8) and also in normal urine. 

The determination of PBG is based on its reaction with p-dimethy]l- 
aminobenzaldehyde (DMAB) (Ehrlich’s reagent) in acid solution to form 
ared compound. Determinations of PBG in urine are interfered with by 
urea, various pigments, and oxidizing and reducing agents (9). Various 
indole derivatives also give color tests with this reagent (10). Urobilino- 
gen does not interfere at the acidities which are used (11). Because of the 
high concentration of PBG in the urine of patients with acute porphyria, 
Vahlquist (12) found that a semiquantitative determination could be made 
if the urine was diluted greatly, thus diminishing the effect of interfering 
substances. However, no method has been available for determining low 
or intermediate concentrations of PBG in urine. In this paper, methods 
are described for the quantitative determination of PBG in urine. 


EXPERIMENTAL 


Outline of Method—Urine containing PBG and 6AL is passed through a 
column of Dowex 2 resin in the acetate form. PBG is held on the column 
(13) while urea and 6AL are washed from the Dowex 2. PBG is then 
eluted from the column with acetic acid and determined colorimetrically 
with Ehrlich’s reagent. 

The washings from the first column are passed through a column of 
Dowex 50 resin in the acid form. Urea is washed from the column, the 
SAL is then eluted with sodium acetate and allowed to react with acetyl- 
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acetone at pH 4.6, and the resulting pyrrole is determined colorimetrically 
with a modified Ehrlich’s reagent. 

Colorimetric Determinations and Reagents—Colorimetric measurements 
were made at room temperature (23° + 2°) with a Beckman DU spectro- 
photometer in cells of 1 cm. light path. Molar extinction coefficient 
€ = logy (1o/J) XK 1/(em. X mole per liter). Regular Ehrlich’s reagent 
is the usual 2 per cent (weight per volume) DMAB in6 N HCl. Modified 
Ehrlich’s reagent is as follows: For the reagent 2 N with respect to per- 
chloric acid, 1 gm. of DMAB is dissolved in about 30 ml. of glacial acetic 
acid, 8.0 ml. of 70 per cent perchloric acid are added, and the solution is 
diluted to 50.0 ml. with acetic acid. This reagent is somewhat unstable 
and should be used on the day it is made. Any remainder is discarded. 
It is not advisable to prepare a reagent greater than 4 N with respect to 
perchloric acid because of the possible danger of spontaneous decomposi- 
tion. The advantage of the reagent containing perchloric acid is that the 
color which is developed with the pyrrole is both more intense and more 
stable. On mixing this reagent with an equal volume of a dilute pyrrole 
solution, a 3 per cent reduction in total volume occurs. ‘This has not been 
corrected for in calculating apparent molar extinction coefficients. —Por- 
phobilinogen was obtained from urine from patients with acute porphyria 
and purified by the method of Cookson and Rimington (14). 6-Amino- 
levulinie acid was prepared by a phthalimide synthesis according to the 
procedure of Dr. J. Dice.’ Generous samples were also obtained from 
Parke, Davis, and Company.  p-Dimethylaminobenzaldehyde was recrys- 
tallized from aqueous methanol. 

Chromatography Paper chromatograms were made by the ascending 
method at room temperature. The upper phases of the following two 
mixtures were used as solvents: (1) butanol-acetic acid contains 4 volumes 
of n-butanol, 1 volume of glacial acetic acid, and 5 volumes of water. (2) 
Butanol-ammonia contains equal volumes of n-butanol and 1.5 M aqueous 
ammonia. 

Preparation of Resins and Columns—The resins were commercial sam- 
ples of 200 to 400 mesh. They were placed in water and decanted until 
the supernatant fluid was clear. The Dowex 2-X8 resin was converted to 
the acetate form by washing the resin on a column with 3 N sodium acetate 
until the eluate was chloride-free. It was then washed with water until 
the eluate was free of sodium acetate. The Dowex 50-X8 resin was con- 
verted first to the sodium form by allowing it to stand overnight with 2 nN 
NaOH; it was then washed until neutral and reconverted to the acid form 
by treating it with about 1 volume of 4 N HCI, then in turn with 6 volumes 
of 2 nN HCl, 1 n HCl, and water. The columns were 0.7 X 30 cm. tubes 
with indentations at a level 10 cm. from the lower end. This lower end 


1 Personal communication. 
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was made water-repellent with Beckman Desicote. A glass wool plug was 
placed above the indentations and a slurry of resin sufficient to give 2.0 + 
0.1 em. of settled material was added. A glass wool plug on the top com- 
pleted the columns. The flow rate of the completed columns was about 
3 ml. per 10 minutes. 

Buffers—Acetate buffer of pH 4.6 was made by adding 57 ml. of glacial 
acetic acid (1 mole) to 136 gm. of sodium acetate trihydrate (1 mole) and 
diluting to 1 liter. 

Phosphate buffer of pH 6.8 was made by mixing equal volumes of 0.5 M 
NaH.PO, and 0.5 ™M NasHPO,. 

Colorimetric Determination of PBG—A solution containing PBG was 
diluted with an equal volume of regular Ehrlich’s reagent. The density of 
the colored solution was read at 555 my exactly 5 minutes after mixing, 
since the color fades with time. Equal volumes of Ehrlich’s reagent and 
water were used in the blank cell. A plot of this optical density versus 
concentration of PBG is given in Fig. 1, Curve B. The relation is ap- 
proximately linear below a density of 0.2, at which the apparent molar 
extinction coefficient is 3.6 & 10". 

If the modified Ehrlich reagent containing 4 N perchloric acid is mixed 
with an equal volume of PBG solution, the density readings 5 minutes 
after mixing are directly proportional to the PBG concentration over the 
density range 0.1 to 0.7 (Fig. 1, Curve A). The apparent molar extinetion 
coeflicient. is 6.2 * 10 If the modified Ehrlich reagent containing 2 N 
perchloric acid is used, 15 minutes must be allowed for the color to de- 
velop, after which time it is stable for about 10 minutes. The apparent 
molar extinction coefficient in this case is 6.1 «K 10‘. 

Colorimetric Determination of 6AL--When 6AL is condensed with either 
acetylacetone or ethyl acetoacetate, a pyrrole is formed which has a free 
a position and which can react with Ehrlich’s reagent to form a colored 
compound, Since this is a general procedure for amino ketones, an inde- 
pendent method must be used to distinguish 6AL from other amino ketones. 

The condensation with acetylacetone is carried out at pH 4.6 and is de- 
scribed in the section on the determination of 6AL in urine. This method 
is less sensitive than the ethyl acetoacetate procedure to color interference 
with high concentrations of amino acids, ammonia, or glucosamine. At 
this pH a concentration of about 0.3 mg. per ml. of glucosamine or 2 mg. 
per ml. of ammonia or 2 mg. per ml. of glycine in the sample is required to 
give an optical density of 0.01. A plot of the optical density versus con- 
centration of 6AL determined by this method is given in Fig. 2, Curve B. 
The curve for density versus concentration of the purified pyrrole is also 
given (Curve A). The condensation is seen to be about 95 per cent com- 
plete. 

The condensation with ethyl acetoacetate is carried out at pH 6.8. Into 


) 

) 


438 6-AMINOLEVULINIC ACID 


a 10 ml. volumetric flask containing 6AL is added 0.2 ml. of ethyl aceto- 
acetate; the solution is brought to the mark with phosphate buffer at pH 
6.8, stoppered, and heated in a boiling water bath for 10 minutes. When 
cooled, an aliquot is mixed with an equal volume of the modified Ehrlich’s 
reagent containing 2 N perchloric acid. The density is read at 553 mu 
5 minutes after mixing. The density versus concentration is linear be- 
tween 0.05 and 0.6 and corresponds to an apparent molar extinction of 
7.2 X 104. The reaction is quantitative to within the experimental error. 


08 


0.2 


0.005 0.01 0.015 0.02 

yemole PBG/ml. of final solution 

Fig. 1. Curve A, PBG solution plus equal volume of modified Ehrlich’s reagent, 
4n in HCIOg, read at 553 mp 5 minutes after mixing. Curve B, PBG solution plus 


equal volume of regular Khrlich’s reagent, read at 555 mp 5 minutes after mixing. 
Deviation from a straight line is seen by comparison with the straight dash line. 


Under these conditions the color formed is stable for at least 30 minutes 
after mixing. 

Determination of PBG and 6AL in Urine—Adsorption and elution from 
Dowex resins are used to remove interfering substances. For example, 
mesobilirubinogen is adsorbed on the Dowex 2, but is not eluted with the 
PBG. The recovery of PBG from Dowex 2 is quantitative within experi- 
mental error (less than 5 per cent). The recovery of 5AL from Dowex 
50 is 90 + 2 per cent (see Table I). 

A 1.0 ml. aliquot of urine at pH 5 to7 is placed on the column of Dowex 
2. Two2 ml. portions of water are then added. The combined eluate is 
quantitatively transferred to the Dowex 50 column. The PBG is eluted 
from the Dowex 2 column by adding 2 ml. of 1 mM acetic acid, allowing it to 
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drain, and then adding 2 ml. of 0.2 m acetic acid. The combined eluates 
are quantitatively transferred to a 10 ml. volumetric flask and diluted to 
the mark with water. 2 ml. of regular Ehrlich’s reagent are added to a 2.0 
ml. aliquot of the PBG solution. The mixture is placed in a cuvette of 1 


L 
0 0.004 0.008 0.012 0.016 0.020 
fmole dAL converted to pyrrole or pyrrole/ml.of final solution 


hic. 2. Curve A, 2-methyl-3-acetyl-4-(3-propionic acid)pyrrole; Curve B, 6AL 
converted to same pyrrole. The pyrrole solution is treated with an equal volume of 
modified E:hrlich’s reagent, 2 Nn in HCIO,, read at 553 my 15 minutes after mixing. 
Curve C, above pyrrole plus equal volume of regular Ehrlich’s reagent, read at 555 
mu 5 minutes after mixing. 


Tasie I 
Determination of PBG and bAL in Urine 


The specified amounts of PBG ar 16AL were added to 1 ml. of normal urine and 
the mixture was analyzed. 


PBG pmoles 108 5AL umoles 108 
Added Found* Added Foundt 
1 46 42 32 29 
2 93 93 60 53 
3 278 270 140 128 
4 371 365 200 185 
5 464 445 260 235 


* Corrected for the presence of 4 X 10° ymole of PBG in this 1 ml. sample of 
urine. See under “Identification of PBG (a) and éAL (6) in urine.’’ 

t Corrected for the presence of 18 K 10-* umole of 6AL in this 1 ml. sample of 
urine. See under “Identification of PBG (a) and AL (6) in urine.”’ 
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cm. path and the optical density at 555 my is determined 5 minutes after 
mixing. A solution of equal volumes of Ehrlich’s reagent and water is 
used asa blank. The concentration of PBG corresponding to the observed 
optical density is read from the graph (Fig. 1). Multiplication by 20 gives 
the value in micromoles of PBG per ml. of urine; the limit of detection 
(optical density reading of 0.01) is about 0.006 umole of PBG per ml. If 
the modified Ehrlich reagent containing 4 N HCIQ, is used, the optical 
density at 553 mu is determined 5 minutes after mixing. In this case, 
multiplication of the observed optical density by 0.32 gives the value of 
PBG in micromoles per ml. of urine. If the modified reagent 2 nN in HCIO, 
is employed, the reading is taken 15 minutes after mixing and the factor is 
0.33. The limit of detection is then about 0.003 umole of PBG per ml. 
The Dowex 50 column, containing SAL and urea, is washed with 16 ml. 
of water to remove the urea. (Removal of urea may be followed on a 
drop plate by testing the eluate with Ehrlich’s reagent which gives a yellow 
color with urea.) Then 3 ml. of 0.5 m sodium acetate are added. (The 
color of the resin should become lighter three-fourths of the way down the 
resin but not all the way down.) After draining, the 6AL is eluted by the 
addition to the column of 7 ml. of 0.5 m sodium acetate. This eluate is 
collected in a 10 ml. volumetric flask, 0.2 ml. of acetylacetone is added, 
and the solution is diluted to the mark with acetate buffer at pH 4.6. The 
stoppered flask is placed in boiling water for 10 minutes, then cooled to 
room temperature. To 2.0 ml. of this solution are added 2.0 ml. of the 
modified Ehrlich reagent containing 2 Nn perchloric acid; the solution is 
mixed and is placed in a cuvette of 1 cm. length. After 15 minutes the 
optical density at 553 my is read against a blank. The blank consists of 
water treated in the same manner as the Dowex 50 eluate. Multiplication 
of this optical density by 0.35 gives the value of SAL in micromoles of 6AL 
per ml. of urine, or multiplication of the optical density by 47 gives the 
value of 5AL in micrograms per ml. of urine. Under these conditions the 
color produced is stable for at least 15 minutes after reaching its maximal 
intensity (about 10 to 15 minutes after mixing). The limit of detection of 
5AL (optical density reading of 0.01) is about 0.003 umole per ml. On the 
basis of this method the daily excretion of PBG in the normal urine of ten 
adults was below 4 umoles (1 mg.) and that of 6AL was equivalent to 
about 20 uwmoles (2.5 mg.). However, see the paragraph on the identi- 
fication of PBG and 6AL. A patient with acute porphyria was found to 
excrete 260 to 410 umoles (35 to 55 mg.) of 6AL and 310 to 440 umoles (70 
to 100 mg.) of PBG per day for a period of 1 month. Single daily samples 
from another patient contained as much as 180 mg. of 6AL and 170 mg. 


of PBG. 
Rapid Method for PBG Determination in Urine—As found by Vahlquist 
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(12), urine containing a high concentration of PBG can be diluted suffi- 
ciently so that interference by urea and by other constituents may be 
negligible. To check the validity of this rapid determination of PBG in 
urine from a patient with acute porphyria, this procedure was compared 
with the resin method described above. The results are given in Table II. 
Values obtained with the rapid method average about 5 per cent higher 
than those obtained with the resin method but show considerable scatter. 
The rapid method is as follows: 0.1 ml. of urine from a patient with acute 
porphyria is pipetted into a 10 ml. volumetric flask. This is diluted to 
5.0 ml. and 5 ml. of regular Ehrlich’s reagent are added. The optical 


TABLE II 


Comparison of Direct Method and Resin Method for PBG Determination 
in Urine of Patients with Acute Porphyria 


PBG, mg. per day 
Sample No. 
Direct method Resin method 
1 90 90 
2 90 88 
3 89 78 
4 78 76 
5 98 88 
6 108 99 
7 96 82 
8 87 80 
9 93 84 
10 87 93 


density at 555 my in a cell of 1 cm. path is read exactly 5 minutes after 
the mixing. (The optical density was usually below 0.15 even for urines 
rich in PBG.) The density X 2.8 = micromoles of PBG per ml. of urine, 
or the density < 630 = micrograms per ml. of urine. 

Identification of PBG (a) and 6AL (b) in Urine—(a) When urine from a 
patient with acute porphyria is adsorbed on Dowex 2, the component 
eluted from the resin with | mM acetic acid has the same Ry, value (0.5) on 
paper chromatography with butanol-acetic acid as does PBG. This com- 
ponent and PBG migrate similarly on paper electrophoresis at pH 5.0. 
The Ehrlich reaction product of both this component and PBG have a 
maximal absorption density at 555 my and a shoulder at 525 my, the ratio 
of the latter to the former being 0.85. On a large scale run, crystalline 
PBG was isolated from this Dowex 2 eluate. No other Ehrlich positive 
component was observed in the eluate. With larger samples of normal 
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urine the maximal concentration of PBG as estimated by the Ehrlich color 
reaction is found to be no more than 0.8 umole per liter of urine. (b) With 
the urine from a patient with acute porphyria, the component in the Dowex 
50 eluate has the same Fy value (0.3) on paper chromatography in buta- 
nol-acetic acid as does the eluate plus added 6AL. Owing to the presence of 
amino acids, this Ry value is lower than that of pure 6AL (0.35). Concen- 
trated eluates are qualitatively transformed to PBG by the 6AL-condensing 
enzyme of Granick (5). The 6AL in the eluates of a large scale run was 
converted to 2-methyl-3-acetyl-4-(3-propionic acid)pyrrole by the method 
given in the section on 6AL analysis in urine. This compound was puri- 
fied by vacuum sublimation; m.p. 193-195°, mixed m.p. 192-194°.  Cal- 
culated, N 7.18 per cent; found, N 7.37 per cent. Both this product and 
the known pyrrole have the same Ry values in butanol-acetic acid (0.9) 
and in butanol-ammonia (0.2). The ultraviolet spectra and the Ehrlich 
reaction product spectra of this compound and of the known pyrrole are 
quantitatively identical. Their infra-red spectra, determined when they 
were imbedded in KBr, are also identical. KBr is transparent in the 2 
to 15 mu region. By means of paper electrophoresis of the urine samples 
and of paper chromatography of the pyrrole resulting from reaction with 
acetylacetone, no other component related to AL, such as amino acetone, 
was found in any relatively significant amount. With similar chromato- 
graphic and énzymic methods, 6AL has been qualitatively identified in 
normal urine. Further studies on larger samples of normal urine have 
been carried out by condensing the 6AL fraction of the Dowex 50 eluates 
with acetylacetone at pH 4.6. The resulting Ehrlich positive products 
were separated by extraction with ether at various pH values and chro- 
matographed on paper with butanol-ammonia. Only 10 to 20 per cent of 
these products is the pyrrole corresponding to free 6AL (Ry of 0.2). An- 
other 20 to 40 per cent behaves as a pyrrole corresponding to an amino 
ketone without a free carboxy] group (e.g. amino acetone, Py of 0.9). The 
remainder is organic solvent-insoluble material, such as might be formed 
from glucosamine. 

Preparation of 2-Methyl-3-acetyl-4-(3-propionic acid)pyrrole—A. solution 
of 174 mg. of 5AL-HCl and 0.5 ml. of acetylacetone in 50 ml. of buffer 
(0.1 m disodium tartrate adjusted to pH 4.4 with hydrochloric acid) was 
heated under reflux. The reaction was complete after 15 minutes. The 
pH of the cooled solution was increased to 7, the excess acetylacetone ex- 
tracted with chloroform, the aqueous layer aerated to remove the chloro- 
form, and the pH lowered to about 1. After cooling, white crystals formed. 
They were recrystallized from methanol-water and dried over P.O; at 2 
mm., yielding 90 mg. of the pyrrole; m.p. 194—195°. The compound may 
be further purified by vacuum sublimation. Calculated for CioHi3;NQs, 
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C 61.5 per cent, H 6.72 per cent, N 7.18 per cent; found, C 61.74 per cent, 
H 6.67 per cent, N 7.26 per cent. The ultraviolet spectrum of this com- 
pound showed a maximum at 253 my, e = 9.0 X 10°, a shoulder at 280 to 
285 my, e = 4.8 * 10%, and a minimum at 224 mg, e = 2.4 X 10%. This 
spectrum is closely similar to that of 2,4-dimethyl-3-acetylpyrrole (15). 
The FR, is 0.90 in butanol-acetic acid and 0.20 in butanol-ammonia. Re- 
action of this pyrrole with the modified Ehrlich reagent (2 N in HCI1O,) 
gave a pink solution showing a maximum at 552 my, with a shoulder at 
525 my, the ratio of the latter to the former being 0.69. The quantitative 
data of this Ehrlich reaction are shown in Fig. 2, Curve A, the apparent 
extinction coefficient being 6.8 10. 

Preparation of 2-Methyl-3-carbethoxry-4-(3-propionic acid)pyrrole—A solu- 
tion of 172 mg. of 5AL-HCI and 1.0 ml. of ethyl acetoacetate in 50 ml. of 
buffer (0.25 m phosphate at pH 6.6) was refluxed for 15 minutes. The 
pyrrole was isolated in a manner similar to that employed for 3-acetyl- 
pyrrole, yielding 101 mg. of white crystals; m.p. 164-165°. Calculated, 
for Cy, HisNOu, C 58.6 per cent, H 6.74 per cent, N 6.22 per cent; found, 
C 58.66 per cent, H 6.54 per cent, N 6.26 per cent. The ultraviolet spec- 
trum of this compound showed a maximum at 233 muy, e = 8.2 X 10°, anda 
shoulder at 250 to 260 my, e = 5.0 X 10%. The spectrum is closely similar 
to that of 2,4-dimethyl-3-carbethoxypyrrole (15). The Ry, is 0.95 in 
butanol-acetic acid and 0.40 in butanol-ammonia. Reaction of this pyr- 
role with the modified Ehrlich reagent (4 N in HCIO,) gave a pink solu- 
tion showing a maximum at 552 mu, with a shoulder at about 525 my, the 
ratio of the latter to the former being 0.66. The apparent extinction co- 
efficient is 7.2 104. 

Factors Influencing Ehrlich Reaction—In the usual colorimetric proce- 
dure of the Ehrlich reaction a pyrrole, P (which usually has an unsubsti- 
tuted a position), condenses in acid solution with DMAB (present in large 
excess) to form a colored condensation product, EK (Reaction I) (see Fig. 
3). The intensity of color is observed to increase rapidly and to diminish 
more slowly. ‘Treibs and Herrmann (16) have published a systematic 
study of the Ehrlich reaction and have shown that the color salt EF can 
further react with another molecule of P to form a colorless dipyrrylpheny]- 
methane, M (Reaction II). Under the usual conditions of acidity (about 
3M HCl) and excess DMAB, Reaction I is observed to be very fast com- 
pared to Reaction II; the initial rate of decay of EF should then be second 
order. When dilute solutions (5 X 10-5 m) of either PBG or 2-methy]l-3- 
acetyl-4-(3-propionic acid)pyrrole were mixed with an equal volume of 
regular Ehrlich’s reagent, the initial rate of decay of the observed color, as- 
suming Beer’s law to hold, was found to follow second order kinetics. 
These results support the assumption of the two consecutive reactions as 
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written. They also explain in part the rapid flattening of the curve of 
optical density versus pyrrole concentration (Fig. 2, Curve C) when the 
regular Ehrlich reagent is used. 

Some of the factors which influence the concentration of / in the steady 
state are the substituents in the pyrrole nucleus, the concentration of acid, 
and the solvent medium. These factors are discussed in turn. The tem- 
perature is assumed constant at about 20°. 

Substituents in the pyrrole nucleus will affect the formation of the color 
salt through both resonance and inductive effects. In general electron- 
donating groups (e.g. alkyl) favor the formation of the color salt while 
electron withdrawal groups (e.g. acetyl, carbethoxy, nitro) have the oppo- 
site effect (16). These results are in agreement with the expected stabili- 


H 
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CH, 
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CH3 \ CH; 
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H H® CH3 H H 


4.™ 
CH; CH; 
P E M 
Fig. 3. Steps for Reactions I and II 


zation of the pyrrole structure in P or M by electron withdrawal groups 
(17). More specifically, pyrroles which have a’ ,8,8’ substituents will form 
KE most readily when the three substituents are alkyl groups and less read- 
ily when two are alkyl and one is an electron withdrawal group. Two 
electron withdrawal groups in the a’,@ positions (e.g. a’-carbethoxy-6- 
nitropyrrole (16) and a’ ,6-dicarbethoxy-8’-methylpyrrole) will deactivate 
the @ position sufficiently to prevent the Ehrlich reaction. A free 6 position 
reacts similarly to a free a position, although more slowly and with a shift 
of the main absorption band of the colored product to about 520 my in the 
example available: a, 8’-dimethyl-a’-carbethoxypyrrole. The slower rate 
in this example may be due to steric effects. Pyrroles with only one or two 
substituents, especially if they are alkyl groups, may be expected to un- 
dergo increasingly severe decomposition in acid. However, 6-methyl-6’- 
carbethoxypyrrole reacted normally, owing to stabilization by the carbeth- 
oxy group. a,a’,8,p’-Tetramethylpyrrole reacts with Ehrlich’s reagent 
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by splitting out methanol (16). Treibs and Herrmann use this splitting re- 
action to explain the positive Ehrlich reaction of urobilinogen and sterco- 
bilinogen. 

The choice of acid concentration is governed by the rates of Reactions 
I and II and by the position of the numerous acid-base equilibria involved. 
At very low acid concentrations, forms too slowly. At high acid concen- 
trations, / forms rapidly, but the rate of fading becomes significant. 
Furthermore, the observed intensity of KH at high acid concentrations de- 
creases, owing to the formation of the relatively colorless diprotonated 
color salt. For pyrroles with single electron withdrawal groups an acid 
concentration of about 1 mM was found to be optimal for readings within 15 
minutes. Owing to the electron-donating groups, purely alkyl pyrroles 
(e.g. eryptopyrrole) are more basic. They therefore not only react with 
DMAB more readily, but also the color salt F pieks up a 2nd proton more 
easily. A lower acid concentration is thus required. Alternatively, the 
condensation may be carried out in 1 to 2 M acid, followed by the addition 
of sodium acetate to free the color salt E. 

The solvent will also influence the steady state of E. A change in sol- 
vent will affect the measured value of FE by changing both the rates of 
Reactions I and II and the relative base strengths of all the species in- 
volved. The use of 50 per cent (volume per volume) acetic acid in place 
of water is observed to slow the rates of Reactions I and II and to increase 
the intensity of #. The intensity of the color is somewhat greater when 
perchloric rather than hydrochloric acid is used in this solvent. With 
increasing concentration of acetic acid, this increase in FE is found to pass 
through a maximum at about 70 per cent (volume per volume) acetic acid 
and so can be due only in part to the lowering of the water concentration. 
This maximum may be due to an increase in relative base strength of LF. 
The shifting of Reaction I to the right would cause an increase in FE, while 
the formation of the diprotonated form of HE would decrease the observed 
value of 

An analysis of these factors in a qualitative manner has permitted the 
selection of conditions such that the apparent molar extinction coefficients 
of the Ehrlich color salts are about 60,000 as compared to 30,000 with the 
regular Ehrlich reagent. The stability of the Ehrlich color salt is increased 
so that the relation between concentration of pyrrole and color production 
is linear (compare Curve A with Curve B of Fig. 1 and Curve B with Curve 
C of Fig. 2). 


SUMMARY 


1. Methods including the use of ion exchange resins have been developed 
for the quantitative determination of porphobilinogen (PBG) and 6-amino- 
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levulinie acid (6-AL) in urine. PBG is determined colorimetrically with 
Ehrlich’s reagent. 6AL is determined by condensing it with acetylacetone 
to form a pyrrole which can react with a modified Ehrlich reagent. 

2. The error of the method is less than 5 per cent and the limit of detec- 
tion (optical density of 0.01 for a 1 cm. light path) in a 1 ml. sample of urine 
is 1 y of PBG and 0.5 y of 6AL. 

3. 6AL has been found in high concentration in the urine of patients with 
acute porphyria and has also been detected in normal urine. 

4. Some of the factors influencing the selection of optimal conditions for 


the Ehrlich reaction are discussed. 


We wish to thank Mrs. Annabelle Long for her able technical assistance, 
Dr. S. Moore for advice on the ion exchange resins, Dr. H. Jaffe for the 
infra-red analyses, and Dr. A. Corwin for the gift of certain pyrroles. 
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AN ELECTROPHORETIC COMPONENT RESPONSIBLE 
FOR CALCIUM BINDING IN THE BLOOD 
SERA OF CHICKENS* 


By R. CLEGG, A. T. ERICSON, R. HEIN, R. H. McFARLAND, 
AND G. W. LEONARD 


(From the Department of Chemistry, Kansas State College, Manhattan, Kansas) 


(Received for publication, March 18, 1955) 


The relationship of calcium to the protein constituents of blood plasma 
and blood sera has been discussed in detail by Greenberg (1). There is 
general agreement that the calcium exists in the blood sera in both the 
diffusible and non-diffusible states. Previous investigations of the serum 
protein relationships and of the serum calcium equilibrium in the blood 
sera of birds, by means of both electrophoretic and electrophoretic-radio- 
chemical techniques, have indicated the number and amounts of the 
various electrophoretic components (2-4) and the distribution of the phos- 
phorus in the electrophoretic fractions (5-7) in the blood sera of non-lay- 
ing, laying, and diethylstilbestrol-treated chickens. The rise in the 
amounts of two of the electrophoretic components, when the non-diffusible 
calcium increases in the sera of hormone-treated chickens, has been re- 
ported (8). In general it has appeared that those components which ex- 
hibit a rise when the amount of non-diffusible calcium increased contained 
relatively large amounts of phosphorus. In the previous work, the elec- 
trophoretic mobilities of these components have been observed in the pres- 
ence of monovalent cations. In the investigation described in the subse- 
quent discussion, electrophoretic-radiochemical techniques have been 
employed to observe the electrophoretic characteristics of the high phos- 
phorus-containing components in the presence of the divalent ion, calcium. 
By this means the component which is responsible for the extra calcium- 
binding capacity observed in the sera of chickens treated with diethylstil- 
bestrol has been determined. 


EXPERIMENTAL 


The position of the component to which the calcium is attached was in- 
dicated by two separate approaches. In one case, the distribution of 
radioactive phosphorus (P”) in the electrophoretic components of the 
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serum was determined in both the presence and the absence of calcium. 
The position of one of the components of the electrophoretic pattern was 
drastically changed when calcium was present during the electrophoresis. 
In the second case, the position of the component responsible for the cal- 
cium binding was shown by indication that radioactive calcium (Ca**) was 
bound to the component of the electrophoretic pattern most affected by 
the addition of calcium. 
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Fic. 1. Non-diffusible calcium in cockerel serum as a function of pH 


Non-radioactive serum was obtained by subjecting the clotted blood of 
8 to 12 week-old cockerels and of cockerels treated with diethylstilbestrol 
to mild centrifugation. P-labeled serum was obtained by subjecting the 
clotted blood of similar groups of birds fed 0.5 me. of P® per day for 5 days 
to the same treatment. The sera were stored at 5°. 

So that conditions would be best suited for the formation of the non- 
diffusible calcium, the amount of non-diffusible calcium was determined at 
various points between pH 5.2 and pH 10. This was accomplished by ad- 
justing the pH of cockerel serum to various values between these extremes 
and determining the amount of non-diffusible calcium by an ultrafiltrate 
technique described in previous publications (8, 9). The results of this 
series of experiments are summarized in Fig. 1. Below pH 6, non-diffusible 
calcium was not apparent in the sera, and from pH 6 to pH 8.8 the amount 
of non-diffusible calcium increased and then leveled off to approximately 
50 per cent of the total calcium in the sera. This is the amount expected 


6 
8 
9 10 


CLEGG, ERICSON, HEIN, MCFARLAND, AND LEONARD 449 


in the sera of cockerels (10). Since many of the electrophoretic analyses 
conducted in our laboratories have been carried out with a borate buffer 
at pH 8.6 (2, 3, 6, 8), and since this pH was close to the point at which 
maximal binding could be expected, this buffer was used in this investi- 
tion. 

” The change in the position of one of the electrophoretic components was 
demonstrated as follows: One portion of the sera containing the P*-labeled 
fractions was analyzed for P” distribution as described in previous papers 
(5-7). A second portion was treated in the same manner, except that 
calcium chloride in the amount of 136 mg. of Ca per liter was added to the 
buffer solution during the equilibration period. Since the sera were di- 
luted with 2 volumes of buffer before the dialysis, this amount of calcium 
gave a calcium to serum protein ratio higher than that present in the orig- 
inal serum. Therefore, the conditions were favorable for the equilibrium, 
Ca++ + protein — Ca-protein, to be forced to the right. The dis- 
tribution was determined as previously described (5), and the results of 
the experiments with the sera of both the normal and the treated chickens 
are illustrated in Figs. 2 and 3. 

When calcium was present during the electrophoreses of the labeled 
cockerel sera, no differences were apparent in the arrangement of the elec- 
trophoretic patterns or the amount of P”-labeled components (Fig. 2). In 
the case of the sera from the diethylstilbestrol-treated cockerels, however, 
differences which may be attributed to the added calcium are readily ap- 
parent (Fig. 3). The information summarized in Fig. 3 was obtained 
from the sera secured from cockerels injected with 3.00 mg. of diethylstil- 
bestrol per day. Similar results of a lesser magnitude were obtained with 
the sera of birds injected with 1.25 mg. of diethylstilbestrol per day. In 
both cases, however, the leading component was eliminated (see Pattern 
I, Fig. 3), and an extra component appeared between Points D and E of 
Pattern II. That this component was identical with the leading com- 
ponent of Pattern I was confirmed by the P” distribution data illustrated 
in the bar graphs of Fig. 3. In the cases illustrated, the P” activity at- 
tributed to the leading fraction did not appear until Point E was reached, 
and at this point the total activity agreed with the data obtained when 
calcium was not added to the buffer. Furthermore, from Points A to D 
in Fig. 3, the activity pattern, not affected noticeably by the added cal- 
cium, agreed with the corresponding pattern for normal birds presented 
in Fig. 2. 

Additional information on the position of the calcium-binding compo- 
nent was obtained as follows: Ca*® was added to the serum prepared from 
the blood of diethylstilbestrol-injected cockerels, and also to the buffer 
against which the serum was dialyzed. The dialysis was continued until 
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equilibrium was established. Enough total calcium was added so that 
the amount of calcium present was approximately equal to the concentra- 
tion of calcium in the above experiments, and, in addition, at least 200 
c.p.m. could be measured by the end window counter attached to the 
modified electrophoresis cell. Therefore, the total amount of calcium 
present varied, depending on the specific activity of the Ca*® used, but in 
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Fic. 2. The effect of added calcium on the P*-labeled electrophoretic compo- 
nents of cockerel sera. Pattern I, no calcium added; Pattern II, calcium added. 
The capital letters designate the points of maximal separation of components and 
the points at which the activity measurements were recorded. 

Fic. 3. The effect of added calcium on the P*?-labeled electrophoretic compo- 
nents of sera from cockerel administered 3.00 mg. of diethylstilbestrol daily. Pat- 
tern I, no calcium added. Pattern II, calcium added. The bar graphs represent 
separate experiments; the electrophoretic patterns may be used to represent the 
pictures obtained in both cases. 


all cases it was equal to or slightly higher than the amount mentioned 
above. The serum was analyzed electrophoreticaily and the Ca‘ activity 
measured in the same general manner as the P” activity. The low energy 
6-radiation of the calcium and the presence of Ca‘ in the electrode vessels 
and the side arms of the electrophoresis apparatus required further modi- 
fication of the electrophoresis cell and certain additional precautionary 
measures. The modification of the electrophoresis cell for Ca*® measure- 
ments will be described in another paper.’ To insure that Ca‘® would not 


' Unpublished data. 
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contaminate the bath surrounding the electrophoresis apparatus, the level 
of the buffer solution in the electrode chambers and arms was adjusted 
approximately 4 inch lower than the water level in the surrounding water 
bath; therefore, if leakage occurred, the direction of the flow should be 
toward the Ca**-containing buffer. The levels of buffers were equalized 
by means of a salt bridge arrangement fitted with a stop-cock. After the 
levels were equalized, the stop-cock was closed, the center cell moved into 
position as in the standard procedure, and the boundary developed by 
adding Ca‘*-containing buffer to the descending arm by means of a burette. 


cot5 acTiVE BLOOD SERUM 
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Fic. 4. Calcium-binding ability of sera prepared from the blood of cockerels ad- 
ministered diethylstilbestrol. Barred areas represent the background count with 
no Ca‘® added. 


It should be emphasized that, in all electrophoreses employing the cal- 
cium, the buffer against which the serum had reached equilibrium was used 
in the electrode chambers and arms of the electrophoresis apparatus. 
Since, during the electrophoreses the calcium ions were present in the 
buffer through which the proteins were migrating, the assumption has been 
made that the diffusible-non-diffusible relationship of the calcium was main- 
tained throughout the electrophoresis period. Representative results ob- 
tained by the use of Ca*® are illustrated in Fig. 4. Since both the buffer 
and the serum contained Ca*®, the background due to the ionic radioactive 
calcium was rather high, and the calcium bound to the electrophoretic 
component was determined by values above this high background. The 
part of the bars designated by diagonals in Fig. 4 was the background count 
when no Ca‘*® was added. The heights of the bars for Points A, B, C, and 
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DD portray the activity up to the point where the data illustrated in Fig. 3 
have indicated that a change should occur. At Point E the counts jump 
about 100 ¢.p.m. and at Point F another smaller rise occurs. Since the 
components are not well resolved at Point EK, the difficulty of measuring 
Point FE exactly could account for the variation. Certainly the large com- 
ponent after Point I. could not contain the major binding substance; if 


| 


Electrophoretic Mobilities* of Blood Serum Components of Normal and 
Dicthylstilbestrol-Treated Cockerels with and without Calcium 
Present in Serum* 


Component No. 

, No. of 

| 1 | 2 | -# | 4 5 6 | 7 


Calcium absent during dialysis and electrophoresis 


18.0 16.6 | 5.2 


9.4 | 3.5 

Treated cockerel... 6 | 1.5 696 $67.9 6.6 5.5 | 

| 40.3 40.3 40.3 40.3 0.2 


Calcium present during dialysis and electrophoresis 


Cockerel | | 2 7.6 6.3 3.8 | 2.4 


404 40.2) 40.2 
Treated cockerel.... 6 7.8 $60 i808 i138 i328 


+0.4 40.2 40.2 40.2t 


* Mobilities are expressed as u X 105. The mobility values were calculated from 
the ascending patterns. It is recognized that these are not true mobilities. How- 
ever, it is extremely difficult to follow the fast moving component in the descending 
patterns, and, since the mobilities calculated from ascending data are reproducible, 
they have been used in this comparison. 

t According to the previous data presented, Components 1 and 6 are the same 
component under different experimental conditions. 


this were true, most of the rise in activity would occur between Points E 
and F. 

The displacement of the fast moving peak was emphasized by the mo- 
bility data (Table I). The mobility data were calculated from the as- 
cending patterns because the fast moving fraction in the serum of the 
diethylstilbestrol-treated birds was more clearly defined in these patterns. 
Except for one point, there was reasonable agreement between mobilities 
of the components in the sera of the normal cockerel and the mobilities of 
the components in the sera of the diethylstilbestrol-treated birds when cal- 
cium was absent. ‘This one difference was the appearance of the fast mov- 
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ing peak (No. 1). When calcium was added to the normal cockerel sera, 
the main result was a lowering of the mobilities. On the other hand, 
when calcium was added to the sera of the diethylstilbestrol-treated cock- 
erels, Peak 1 disappeared and in a comparison of the mobilities of the com- 
ponents of the normal and diethylstilbestrol-treated samples (Table 1) 
the appearance of a component with a mobility between that of Peaks 5 
and 7 is demonstrated. 


DISCUSSION 


The evidence discussed above shows that the extra non-diffusible caleium 
present in the blood sera of diethylstilbestrol-treated cockerels was present 
in combination with the fast moving, high phosphorus-containing com- 
ponent found in these sera. The disappearance of this component when 
calcium was added to the buffering system and the appearance of a slower 
moving component containing a similar amount of phosphorus were strong 
evidence for this statement. In addition, the appearance of bound ¢al- 
cium, as indicated by the Ca*® data, in this area of the electrophoretic pat- 
tern tends to confirm this idea. The mobility data favor this proposition. 
The slight reduction in the mobilities of the other components was indica- 
tive of a general binding by the other components. In no case, however, 
was the reduction as great as in the case of the high phosphorus, fast mov- 
ing component. 

In a previous paper it appeared that two of the electrophoretic compo- 
nents in the sera of cockerels increased with increasing amounts of injected 
diethylstilbestrol, and that the non-diffusible calcium increased in the same 
manner (8). The present investigation has shown that one of these com- 
ponents was responsible for the extra calcium binding exhibited by these 
sera. Since the electrophoretic patterns of the sera of laying hens are 
similar to the patterns obtained with the sera of diethylstilbestrol-treated 
birds, there is every reason to expect these sera to exhibit a similar binding 
ability. Preliminary experiments have supplied data which confirm this 
statement. 

Of added interest is the discovery that the addition of the divalent cation 
reduces the mobility of a component so drastically that, whereas without 
the calcium present it migrated faster than the albumin, when the calcium 
was added it migrated in the area considered as 6-globulin. Moore (4) 
has shown that this fast moving component may be removed by an ether- 
extraction technique developed by McFarlane (11). All this evidence 
leads to the conclusion that in vivo this fraction operates as a globulin, and 
the high phosphorus content and solubility in ether are evidence favorable 
to the proposition that this calcium-binding ability is the saeco of a 
lipoprotein. 


| 
m 
\- 
1g 
e, 
1e 
E 
| 
S- 
1e 
es 
of 
il- 


454 CALCIUM BINDING IN CHICK BLOOD SERA 


SUMMARY 


1. The calcium-binding ability of normal cockerel sera increased from 
a minimum at pH 6 to a maximum at pH 8.8. 

2. The presence of calcium ions reduced slightly the mobility of the 
electrophoretic components, but did not change the number or order of the 
components in the normal cockerel sera. 

3. The presence of calcium ions drastically reduced the mobility of the 
leading component in the electrophoretic pattern of the sera of diethyl- 
stilbestrol-treated cockerels. This was illustrated by a redistribution of 
the phosphorus-containing components of the sera, by the calcium-binding 
ability of this component, and by mobility data. 

4. All the evidence supports the proposition that this fast moving com- 
ponent may be responsible for the extra non-diffusible caleium present in 
the blood sera of laying hens and diethylstilbestrol-treated cockerels. 
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THE METABOLISM OF TESTOSTERONE IN THE 


ISOLATED PERFUSED DOG LIVER* 
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The University of Rochester School of Medicine and Dentistry, 
Rochester, New York) 


AND FRIEDERIKE HERLING 
(From the Sloan-Kettering Institute for Cancer Research, New York, New York) 


(Received for publication, July 21, 1955) 


The intermediate metabolism of androgens has been the subject of many 
investigations by incubation of liver slices and homogenates with tes- 
tosterone or other suitable Cy compounds (1-4). The enzymatic redue- 
tion of the a,8-unsaturated ketone in ring A (4) and the oxidation of the 
C-17 hydroxyl group (1, 4) have been the major transformations dem- 
onstrated. However, Schneider and Mason (5) have shown an oxidation 
of C-16 to an a-hydroxyl group with concomitant reduction of the 17- 
ketone to a 178-hydroxyl group upon incubation of dehydroepiandros- 
terone with rabbit liver slices. Recently, 6-hydroxylation of C-6 has 
been demonstrated after perfusion of testosterone through rat liver (6). 

In this communication we wish to report the results of a short term 
perfusion of a male dog liver with testosterone. It is noteworthy that, in 
the viable isolated whole organ, oxidation of 1 or more carbon atoms rather 
than reduction as in the Cx molecules (7, 8) was the principal reaction 
observed. 


Methods 


As a control, 10 ml. of dog blood were incubated with 1 mg. of tes- 
tosterone for 1 hour. After chromatographic analysis, only a zone con- 
taining testosterone could be visualized. Previous perfusions in which 
other steroids (deoxycorticosterone, estradiol-178) were used failed to yield 
upon chromatographic analysis any compounds of the structure identified 
in this experiment. 

A male cocker spaniel was anesthetized with Nembutal and the liver (246 


* This investigation was supported principally by a research grant from the Jane 
Coffin Childs Memorial Fund for Medical Research and is based in part on work per- 
formed under contract with the United States Atomic Energy Commission at the 
Atomic Energy Project of The University of Rochester, Rochester, New York., 

t Present address, Southwest Foundation for Research and Education, San An- 
tonio, Texas. 
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gm.) was removed and attached to a perfusion apparatus. 2500 ml. of 
previously cross-matched heparinized donor blood containing 650 mg. of 
testosterone dissolved in 9.5 ml. of 95 per cent ethanol and 10 gm. of glu- 
cose were circulated for 20 minutes in an enlarged perfusion apparatus 
identical in arrangement with that described previously (8, 9). By this 
technique the blood (diluted with 200 ml. of Ringer’s solution) was passed 
through the liver a total of four times with an average of 12 minutes per 
pass. At the end of the perfusion the entire blood volume was worked up 
as one sample. 

Extraction of Blood—The blood was laked with an equal volume of water 
and the solution was shaken with an equal volume of chloroform. The 
emulsion was centrifuged and the chloroform layer was removed. The 
water layer and precipitated protein were reextracted three more times 
with chloroform; the chloroform extracts were pooled and brought to dry- 
ness in vacuo at 40° under nitrogen. 

Paper Chromatography—The residue of the chloroform extract was di- 
vided into 50 portions and these were then subjected to paper chroma- 
tographic procedures essentially the same as those of Arroyave and Axelrod 
(10) and Axelrod (11). The steroid-containing zones were visualized by 
means of a modified Zimmermann test (11), 2,4-dinitrophenylhydrazine 
(11), and fuming sulfuric acid (15 per cent free SO;) (12). 

Ultraviolet and Infra-Red Absorption Spectra—Each zone was eluted from 
the chromatograms with absolute methanol-chloroform (1:1, volume per 
volume) and the solvent was removed. <A portion was dissolved in ab- 
solute methanol and examined for absorption from 220 to 300 my. An- 
other portion was dissolved in concentrated sulfuric acid, and the absorp- 
tion spectrum from 220 to 600 my was measured spectrophotometrically 
(13). In addition, portions were acetylated with acetic anhydride and 
pyridine at room temperature, and the products were examined by infra- 
red spectrometry in carbon disulfide and chloroform solution. Unless 
otherwise noted, the absorption maxima indicated are for carbon disulfide 
solution. 


Results 


The chromatographic separation of the steroid metabolites is schemati- 
cally depicted in Fig. 1. Of approximately twenty-five compounds isolated, 
six have definitely been identified. Eleven of the compounds contained 
an a,6-unsaturated 3-ketone, as shown by the dinitrophenylhydrazine test 
and ultraviolet absorption spectra. No evidence for the presence of satu- 
rated 3-ketosteroids in the perfusate was obtained (8). Quantitatively, 
material corresponding to approximately 50 per cent of the initial testos- 
terone was recovered as unconjugated compounds containing the A‘-3- 
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keto grouping of which testosterone itself represented over 80 per cent. 
Approximately half of the metabolites which contained the A‘-3-ketone 
group were also 17-ketosteroids. The following compounds have been 
isolated and identified. 

3-Keto-A‘-androstene-16a ,178-diol (UF I, Step 1, B2a)—This compound 
had an ultraviolet absorption maximum at 240 my and an absorption maxi- 
mum at 295 my in concentrated sulfuric acid. Its diacetate was character- 
ized by its infra-red spectrum which was identical with that of an authen- 
tic sample! in the region from 1200 to 900 cm.-'. The infra-red spectrum 


Blood Extract UFI 
c-F (7.0 hrs) 
2.( 7-22 22 -end }———Over flow UFII 


-F MEC-P.G. 
15 bre) (4 hre) (15 here) 
B B 1 2 Overflow UFITI 
(1-1) em) (11-21 em) (7-12. cm) Unknown Unknown (0-7 om) (8-16 em) (17-52 om) 
c-F MEC-P.G. MEC-P.G. MEC-B.D. 
are) (48 nre) (20 (16 (16 
B | 
Unknown Unknown Unknown 
(0-2 cm) (2-5 em) (5- 


Unknown Unknown 
(6 nre) 


Fic. 1. Scheme of paper chromatographic separation of steroid metabolites found 
in blood from perfused dog liver. C-F = cyclohexene-formamide; MCH-F = methyl- 
ene chloride-formamide; MEC-P.G. = methyleyclohexane-propylene glycol; MEC- 
B.D. = 1,3-butanediol. 


also revealed a band at 1740 cm.—' due to C—O stretching vibrations of 
both acetoxy groups and a band at 1676 cm. due to the carbonyl group of 
the A‘-3-ketone system. C—O stretching bands at 1245 and 1233 em.~! 
were additional evidence for the presence of the acetate groups. 

3-Keto-A‘-androstene-68 ,17B-diol (UFI, Step 1, B2b)—This compound 
was identified by its absorption maximum in methanol at 235 my and by 
maxima at 300 and 350 mu in concentrated sulfuric acid. The infra-red 
spectrum of the diacetate was identical with that of an authentic sample 
(14) in the region from 1200 to 900 em.—". 

68-Hydroxy-A‘-androstene-3 ,17-dione (UFI, Step 2, B1a)—The product 


‘Generously furnished to us by Dr. Joseph Fried of The Squibb Institute for 
Medical Research. A forthcoming publication (22) will include the constants of 
this compound. 


P 
f 
eT 
1 (0-7.0 
CS 
y- | 
ne 
m -F 24 bre) 
er | Unknown (% hrs) a 
b- Unknown Unknown Unknown 
n- 
lly 
nd | 
de 
ti- | 
Pd, 
ed 
est 
tu- | 
ly, 
OS- 
| 


458 METABOLISM OF TESTOSTERONE 


exhibited an absorption maximum at 235 my in methanol; its absorption 
maxima were at 290, 345, and 450 mu in concentrated sulfuric acid. Com- 
parison of the infra-red spectrum of the acetate in the region from 1200 to 
900 cm. with that of a reference sample identified the compound (15). 
The infra-red spectrum also showed carbonyl] absorption at 1742 cm.~! due 
to the presence of a 17-ketone group and an acetoxy group. <A band at 
1688 cm.~! was due to the carbonyl group at C-3 in a 3-keto-A‘-68-acetoxy 
system. C—O stretching bands at 1233 and 1220 cm. were additional 
evidence for the presence of the 68-acetoxy group. 

3-Keto-A‘-androstene-28 ,178-diol (UFI, Step 2, B1b)—This steroid had 
an absorption maximum in methanol at 242 my and maxima at 295 and 
340 my in concentrated sulfuric acid. The infra-red spectrum of its ace- 
tate was identical in the region from 1200 to 900 em.~! with that of an 
authentic sample (16). It showed a broad band at 1749 to 1742 em.~! 
which is due to C—O stretching vibrations of the acetoxy groups and a 
band at 1700 em.~ that indicated the presence of a carbonyl group at 
C-3 in a 2-acetoxy-A‘-3-ketone system. stretching bands at 1239 
em.~! and 1220 em.~' are due to the acetoxy groups. 

Testosterone (UF TT, Step 1, C)-—By absorption maxima in methanol and 
concentrated sulfuric acid, this compound was identified as testosterone, 
Testosterone acetate was identified by infra-red spectrometry in the region 
from 1200 to 900 em.~"'. 

(UFTI, Step 1, D)-——By infra-red analysis of 
the acetate this substance appeared to be a mixture containing 17a-ace- 
toxy-At-androstene-3-one acetate) and another uniden- 
tified component. The mixture absorbed at 242 my in methanol and gave 
a single absorption maximum at 295 my in concentrated sulfuric acid. 

A‘-Androstene-3-17-dione (UF TI, Step 3, C)—This compound was iden- 
tified by its absorption at 240 my in methanol, at 295 my in concentrated 
sulfuric acid, and comparison of its infra-red spectrum in the region from 
1200 to 900 em. with that of an authentic sample. 


DISCUSSION 


The aim of the present investigation was to establish, under conditions 
approaching saturation of the responsible enzyme systems, the nature of 
the initial products of metabolism of testosterone by an isolated dog liver. 
For this reason a large quantity of testosterone and a brief time of contact 
with the organ were employed. As judged by the large amount of testos- 
terone recovered, this end appears to have been achieved. Since a con- 
siderable proportion of the transformation products isolated still retained 
the A‘-unsaturated 3-ketone system characteristic of the hormone, it ap- 
pears likely that these products were the first ones formed and, for the 
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most part, escaped further alteration. This fact, furthermore, can be in- 
terpreted as presumptive evidence that the major initial alteration in the 
substrate molecule was oxidative in nature. With consideration of the 
structure of the transformation products, an extension of this reasoning 
could lead to the conclusion, admittedly speculative, that in the dog liver 
the major route of testosterone metabolism would lead to fragmentation of 
the steroid nucleus. This would be consistent with the results of earlier 
investigators who have examined dog urine after the administration of 
large amounts of steroid hormones and failed to obtain evidence of the 
formation of the metabolites characteristic of other species, particularly of 
the human in which testosterone metabolism has been most systematically 
examined. 

Two of the transformation products isolated are especially significant 
when considered in connection with the suggestion that the principal path- 
way of testosterone metabolism in the dog liver is rupture of the ring 
system. These compounds are 3-keto-A‘-androstene-16a,17B-diol and 
3-keto-A*-androstene-28 ,178-diol. In each of these a new hydroxyl group 
has been introduced @ to an oxygen function already present in the sub- 
strate molecule. Both represent a new type of metabolic transformation, 
perhaps characteristic of the dog, although there is suggestive evidence 
that similar products may be formed in other species (6). The formation 
of such glycol or ketol structures very probably represents the initial stage 
in the cleavage of the ring into which the oxygen function has been in- 
corporated. This view is supported by the fact that no evidence was ob- 
tained for the formation of saturated compounds of the allo or normal 
series, the more usual metabolites of other species. In the methods em- 
ployed for separation and identification this type of transformation product 
would have readily been detected had there been any appreciable amount 
formed. 

The constitution of the other two products identified in the perfusate is 
similarly in accord with the suggestion that these are intermediates in the 
degradation of the rings. Thus, both 3-keto-A‘-androstene-6£ , 178-diol 
and 68-hydroxy-A‘-androstene-3 , 17-dione are products in which oxidation 
has occurred immediately adjacent to the most highly oxidized portion of 
the substrate molecule. The formation of the diketone, 68-hydroxy-A‘- 
androstene-3 , 17-dione, again is in agreement with the view that an oxida- 
tive route is the major course of transformation. It would appear, then, 
that smaller quantities of hormone and more prolonged perfusion would 
lead predominantly to acidic metabolites. 

While the species difference between the dog and the human has been 
emphasized, there are certain points of similarity which should be men- 
tioned. Products of 68-hydroxylation have been reported to occur both in 
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liver perfusions (6) and human urine (17). Lieberman, Fukushima, and 
Dobriner (18) isolated A'-androstene-3 ,17-dione from human urine and 
drew the provisional conclusions that the compound was a true hormonal 
metabolite and may have represented an intermediate in the transition of 
the aliphatic ring A to the aromatic type. It may well be that their 
product could have resulted from 28-hydroxy-A‘-androstene-3 , 17-dione by 
dehydration either during hydrolysis or in the course of isolation. The 
fact that their metabolite had been reduced in ring A to a product of the 
allo series would be in accord with this interpretation, since such reduced 
compounds are major products of testosterone metabolism in man (19). 
Similarly, Lieberman, Praetz, Humphries, and Dobriner (20) isolated eti- 
ocholane-3a, 16a,178-triol and androstane-3a,16a,178-triol from human 
urine and suggested that these products were the result of oxidation of 
etiocholanolone and androsterone, respectively. Again, it is pertinent to 
call attention both to the orientation of the hydroxyl groups in ring D and 
to the fact that the metabolites found in human urine were reduced in ring 
A, in contrast with the retention of the unsaturated ketone structure re- 
ported in the present experiment. It is noteworthy, also, that Schneider 
and Mason (5) reported that rabbit liver slices were able to effect. both 
l6a-hydroxylation and reduction of a 17-ketone to a B oriented hydroxyl, 
as evidenced by the transformation of dehydroisoandrosterone to a A®-an- 
drostene-38, 16a,178-triol. Various other I6a-hydroxylations in several 
species have been reported for both neutral and phenolic steroid hormones; 
the metabolic transformation of estradiol-178 to estriol represents the clas- 
sic example of this reaction with a phenolic steroid. 

The detection of 3-keto-A*-androstene-17a-ol (‘‘cis-testosterone’’) is in ae- 
cord with previous investigations in which rabbit liver slices were em- 
ployed (21). The formation of At-androstene-3 ,17-dione agrees with re- 
sults reported for a wide variety of species in which testosterone metabolism 
has been examined. The presence of ‘‘cis-testosterone” in the perfusate 
may indicate that a small portion of the A‘t-androstene-3 , 17-dicne has been 
reductively converted to the 17a-hydroxy derivative and, likewise, some of 
the testosterone recovered may have participated in a similar cycle with 
reconstitution of the 178-hydroxyl group. These suggestions, however, 
require further study by methods designed for more precise exploration of 
these possibilities. 


SUMMARY 


Testosterone was perfused through an isolated male dog liver with 
heparinized blood as the perfusion fluid. Of the more than twenty-five 
metabolites separated by paper chromatography, six have been identified: 
16a-hydroxytestosterone, 68-hydroxytestosterone, 28-hydroxytestosterone, 


| 
1¢ 
r 
2 
21 
29 


L. R. AXELROD, L. L. MILLER, AND F. HERLING 461 


63-hydroxy-At-androstene-3 , 17-dione, A‘-androstene-3 ,17-dione, cis- 
testosterone. This is the first report of 8-hydroxylation at carbon 2 by a 
mammalian tissue. 


The authors wish to express their great appreciation to Dr. Maximilian 
Ehrenstein of the University of Pennsylvania, Dr. Preston Perlman of the 
Schering Corporation, Dr. Joseph Fried of The Squibb Institute for Medi- 
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of the steroids, and to Miss Madeline Goldstein and Miss Carmela Santo- 
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manuscript. 
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EFFECT OF FURACIN ON PYRUVATE METABOLISM* 
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Earlier studies have shown that Furacin! inhibits the formation of acetyl 
coenzyme A? from pyruvate anaerobically (1). Acetone powder prepara- 
tions of pigeon liver and rat testis were used in the early work. The re- 
sults suggested that Furacin inhibits reactions mediated by pyruvic ox- 
idase; therefore, further studies were continued with more highly purified 
preparations of this enzyme from pigeon breast muscle (2). Studies of the 
effect of Furacin on Reactions 1, 2, and 3 form the basis of this paper. 
The stoichiometry of these processes has been shown previously by other 
workers (2, 3). 


(1) CH;COCOOH + CoA + DPN* — acetyl CoA + DPNH + H* + CO, 


(2) 2CH;COCOOH — CH,;,COCHOHCH, + 2CO0O,. 
(3) CH;COCOOH + $02 — CH;COOH + CO, 
Methods 


Pyruvic oxidase from pigeon breast muscle was prepared and assayed 
by the method of Jagannathan and Schweet (2). The preparations used 
in these experiments had specific activities of 10 to 24, and it was found 
that these preparations contained lactic dehydrogenase and condensing 
enzyme. The condensing enzyme was not present in sufficient amounts 
for maximal rates of citrate formation; therefore an excess of condensing 
enzyme was added in studies involving citrate formation. The acetone- 
fractionated (A-40) pigeon liver preparation of Chou and Lipmann (4) 
served as a good source of condensing enzyme. 

Oxalacetic acid was prepared by the method of Heidelberger and Hurl- 
bert (5). Citrate was determined by the method of Natelson et al. (6), 
and pyruvate was determined as its 2,4-dinitrophenylhydrazone (7) and 
acetylmethylearbinol by the method of Westerfeld (8). AMC standards 


* These studies were presented in part at the 124th meeting of the American 
Chemical Society at Chicago, September, 1953. 

' Brand of nitrofurazone, ‘“New and nonofficial remedies,’’ 5-nitro-2-furaldehyde 
semicarbazone. 

? The following abbreviations are used: CoA, coenzyme A; acetyl CoA, acetyl 
coenzyme A; DPN and DPNH, oxidized and reduced diphosphopyridine nucleotide; 
AMC, acetylmethylearbinol; DPT, diphosphothiamine (cocarboxylase); TNT, 
trinitrotoluene; DNP, dinitrophenol; BAL, 2,3-dimercapto-1-propanol. 
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were prepared from vacuum-distilled AMC (Lucidol Corporation, Buffalo, 
New York), acetate was measured indirectly, and incubations were carried 
out by conventional Warburg methods. Furacin concentrations were 
calculated from the absorption maximum at the 3750-A wave band. 

The coenzymes used were cocarboxylase (General Biochemicals, Inc.), di- 
phosphopyridine nucleotide of 90 per cent purity (Sigma), and coenzyme 
A of 75 per cent purity, equivalent to 300 Lipmann units per mg. (9) 
(Pabst Laboratories). 


TABLE 
Effect of Furacin on Citrate Formation 
Experiment No. Gas phase Furacin concentration Citrate Inhibition 
mg. per l. moles per hr. per cent 
1 Ne 0.0 6.0 
0.1 3.6 40 
0.3 2.4 60 
2 No 0.0 4.8 
0.3 2.4 50 
Air 0.0 4.8 
0.3 4.8 0) 
3 Oz 0.0 3.0 
0.3 3.2 0 
100.0 1.2 60 


Conditions: 10 wmoles of Na pyruvate; 20 wmoles of oxalacetate; 4 uwmoles of 
MgCl; 100 wmoles of phosphate buffer, pH 7.2; 100 y of DPT; 10 units of CoA; 0.6 
zmole of DPN; 0.05 ml. of A-40 pigeon liver enzyme; pyruvic oxidase 4.5 units; final 
volume 2 ml. Incubation at 38° under No, air, or O» as indicated. 


EXPERIMENTAL 


To determine the effect of the nitrofuran on the formation of acetyl CoA, 
the pyruvic oxidase system was coupled with DPN, CoA, and condensing 
enzyme. Pyruvate and oxalacetate served as substrates, and the citric 
acid produced was used as a measure of the formation of acetyl CoA. 

The data in Table I show the effect of Furacin on the formation of cit- 
rate in the coupled system under aerobic and anaerobic conditions. The 
marked inhibitory action of low levels of Furacin on citrate formation un- 
der anaerobic conditions confirms experiments reported earlier (1) in which 
rat testis tissue and acetone powder preparations were used. It was found 
in those early experiments that the formation of acetyl CoA from pyruvate 
was the reaction inhibited, since Furacin has no effect on the condensing 
step. Inhibition in the present experiments was marked at 0.3 mg. of 
Furacin per liter under anaerobic conditions, but was absent under aerobic 
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conditions. However, at a high level of Furacin, inhibition occurred also 
under aerobic conditions. 

Table II (Experiments 1, 2, and 3) presents the effect of Furacin on 
acetate formation from pyruvate with potassium ferricyanide as an elec- 
tron acceptor. The production of acetate from pyruvate was estimated 


II 


Effect of Furacin on Acetate and AMC Formation under Anaerobic 
Conditions in Presence and Absence of Electron Acceptor 


System Inhibition AMC Inhibi- Acetate) CO: 
No. utilized tion 
pmoles per cent pmoles percent umoles  pmoles 
With K;Fe(CN).¢ 
1 | Control 6.5 1.1 | 4.3 | 11.4 
Furacin, 0.3 mg. per 1. 6.6 0 1.1 0 4.4 | 11.3 
2 Control 5.9 0.9 4.1 9.6 
Furacin, 100 mg. per I. 9.5 | Facilitation | 0.9 0 7.7 | 20.9 
3 Control 4.6 0.9 2.8 
Furacin, 0.3 mg. per |. 4.5 2 0.9 0 2.7 
7.4 Facilitation 0.8 11 5.8 
Without K;Fe(CN)., 
4 Control 3.3 1.5 0.3 
Furacin, 0.3 mg. per |. 2.1 36 1.0 37 0.1 
0.7 79 0.15; 90 0.4 
5 | Control 5.8 2.8 0.2 
Furacin, 0.3 mg. per |. 4.2 28 2.2; 21 0. 


Conditions: 10 wmoles of Na pyruvate; 10 wmoles of MgCl:; 100 y of DPT; 50 
pmoles of NaHCO,; 100 uwmoles of K;Fe(CN). where indicated; pyruvic oxidase, 17 
units; final volume 3 ml. Incubation for 30 minutes at 38° under 100 per cent CO;; 
final pH 6.0; acetate by calculation. 


by the difference between pyruvate disappearance and AMC formation 
and also by CO, formation. It has been shown that 3 moles of carbon 
dioxide are produced for each mole of pyruvie acid oxidized to acetate 
(Reaction 4) (10). 


(4) CH,COCOOH + 2Fe(CN).” + 2HCO,” 


Reasonably good agreement was found between the values obtained for 
acetate by difference and those obtained by calculation from carbon di- 
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oxide formation. In the presence of ferricyanide the major end-product 
was acetate, but AMC formation was also appreciable (2, 11). There was 
no effect of Furacin at 0.3 mg. per liter, while at 100 mg. per liter there was 
an appreciable increase in pyruvate utilization and in the formation of 
acetate. The amount of AMC formed was not affected. No loss of Fura- 
cin was found under aerobic conditions, indicating that Furacin was not 
the final electron acceptor. 

Under carbon dioxide with no ferricyanide (Table II, Experiments 4 
and 5), pyruvate utilization was accounted for almost entirely by AMC 


TABLE III 


Effect of Furacin on Pyruvate Utilization and AMC Formation under Aerobic 
and Anaerobic Conditions 


Experi- Pyru- 
Gas phase | System — AMC — Acetate 
pmoles per cent | wmoles | per cent) umoles 
1 Nitrogen Control 5.2 2.5 0 
Furacin, 0.3 mg. per 1. 1.9 64 1.1 58 0 
2 Oxygen Control 2.5 0.8 0.9 
Furacin, 0.3 mg. per 1. 2.3 8 0.8 0 0.7 
i 100 mg. per 1. 2.8 0.3 | 63 2.2 
3 Nitrogen | Control + acetaldehyde 7.5 4.6 
+ 4.2 44 3.1 34 
+ Furacin, 0.3 mg. per 1. 


Conditions: 10 umoles of Na pyruvate; 100 7 of DPT; 10 wmoles of MgCl:; 100 
umoles of phosphate buffer, pH 6.5; pyruvic oxidase, 17 units; final volume 2 ml. 
Experiment 2, 100 y of catalase, 0.2 ml. of 6 N KOH in the center well. Experiment 
3, 5 umoles of acetaldehyde; final volume 3 ml. Incubation for 1 hour at 38° under 
the gas indicated; acetate by calculation. 


formation. In this system no free CO, was elaborated when AMC was 
formed from pyruvate (Reaction 2), since an acid group was lost. Sup- 
pression of AMC formation was significant at the low level of Furacin and 
nearly complete at the high level. 

The effect of Furacin on AMC formation from pyruvate under aerobic 
and anaerobic conditions is shown in Experiments 1 and 2, Table III. 
Anaerobically, AMC formation accounted for all of the pyruvate metabo- 
lized. Under these conditions inhibition of AMC formation by Furacin 
was marked. 

In the presence of oxygen both AMC and acetate were formed. Under 
these conditions a high level (100 mg. per liter) of Furacin apparently 
exerted both an inhibitory effect as shown in AMC formation and a facili- 
tating effect as shown in acetate formation. In other experiments not 
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given in Table III, in the presence of a low oxygen tension (air) where a 
larger percentage of the pyruvate was accounted for as AMC, the inhibi- 
tory action of Furacin was reflected in the pyruvate utilization as well as 
in the AMC formation. With 100 per cent oxygen, the two effects ap- 
parently counterbalance each other so far as pyruvate utilization is con- 
cerned. Asnis and Glick (12), working with sonic extracts of Streptococcus 
faecalis, have confirmed this reversal of Furacin inhibition of AMC forma- 
tion by air or oxygen. 

Table III also presents the effect of Furacin on AMC formation from 
pyruvate alone or from pyruvate plus acetaldehyde in an anaerobic sys- 
tem. With pyruvate only as substrate, the AMC formed accounts for all 
of the pyruvate utilized. When both pyruvate and acetaldehyde serve as 
substrates, the reaction is more rapid. ‘This is in agreement with the ob- 
servation of other workers (11, 13, 14). The production of AMC has been 
postulated to take place by formation of an acetyl-cocarboxylase-enzyme 
complex (15, 16). Two of these complex units can supply the 2-carbon 
fragments that condense to form. AMC, or else a single 2-carbon fragment 
can condense with free acetaldehyde to form AMC. Since the inhibition 
by Furacin is less in the presence of added acetaldehyde, these data indi- 
cate that interference by the nitrofuran occurs in the formation or disposi- 
tion of the acetyl-cocarboxylase-enzyme complex and not in the condensing 
step. Asnis and Glick (12) found that Furacin did not inhibit enzymatic 
decarboxylation of acetolactic acid by S. faecalis extracts, and concluded 
that the inhibition of AMC formation from pyruvate occurred in the ini- 
tial conversion of pyruvate to acetolactic acid and COsz. 

Although thioctic acid appears to be intimately associated with the 
pyruvic oxidase molecule from pigeon breast muscle (17), evidence that 
this factor does not function in the formation of AMC is presented in Ta- 
ble IV. The monothiol and dithiol inhibitors (18, 19) such as p-chloro- 
mercuribenzoic acid, and p-arsenosophenylbutyric acid had no effect on 
pyruvate utilization or AMC formation. This is in agreement with the 
observation of O’Kane (20) and Dolin and Gunsalus (21) in bacterial sys- 
tems. Gunsalus (22) has observed that reactions requiring thioctic acid 
were inhibited by dithiol inhibitors. That the effect of Furacin in this 
reaction is not on sulfhydryl compounds seems evident since AMC forma- 
tion is not affected by the common thiol or dithiol inhibitors but is mark- 
edly affected by the nitrofuran. 

Trinitrotoluene, DNP, and chloramphenicol inhibit pyruvate utilization 
and AMC formation, but to a lesser degree than Furacin. It has been 
shown that certain nitrofurans do not uncouple oxidative phosphorylation 
by rat liver mitochondria,’ an action that has been ascribed to DNP (23). 


*Weinbach, I. C., and Brodie, A. F., personal communications. 
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TABLE IV 
Effect of Inhibitors on AMC Formation from Pyruvate 


| | 
‘ment System | | Inhibition AMC Inhibition 
meg. per mmoles percent pmoles | per com 

1 | Control | | 6.5 | ee 
p-Arsenosophenylbutyric acid 1.0 6.6 Bs 0 

2 | Control | | 5.0 | 2.4 
Sodium arsenite | 10 | 5.5 0 
0-lodosobenzoic acid | 10 4.7 6 | 2.4 | ) 

3 Control 7.8 a oe 
p-Chloromercuribenzoic acid 10 7.1 9 | 3.8 3 
TNT 1.0 1.1 86 (0.7 81 
DNP 5.0 5.5 29 2.6 | 28 

Chloramphenicol! 50.0 5.9 24 2.7 25 
| Furacin 0.1 3.6 54 1.8 48 


Conditions: 10 wmoles of Na pyruvate; 10 wmoles of MgCl.; 100 y of DPT; 100 
zmoles of phosphate buffer, pH 7.2; and, in Experiment 1, 34.5 units of pyruvic oxi- 
dase; in Experiment 2, 30; in Experiment 3, 37.0; final volume 2 ml. Incubation for 
1 hour at 38° under N». 


TaBLe V 


Effect of BAL or Cysteine on Inhibition of Citrate Formation by Various Agents 


| Citrate formed in 


| | | BAL | Cysteine | 
1 | Control 15.2 | 18.2 
+ o-iodosobenzoic acid, 5 mg. 8.9 41 | 16.5 i) 
per |. 
+ p-chloromercuribenzoic acid, 11.1 27 20.4 0 
5 mg. per |. 
2 Control 15.9 19.3 
+ sodium arsenite, 1 mg. perl. 5.0 68 22.6 0 
+ p-arsenosophenylbutyric 9.1 | 93 22.9 0 
acid, 1 mg. per I. | | 
3. Control | 26.8 
+ Furacin, 0.3 mg. per |. «8.0 | 54 12.1 55 
4 | Control 19.8 
| + Furacin, 0.3 mg. per 1. | 7.1 | 54.2 | 9.1 54.2 


Conditions: 10 wmoles of Na pyruvate; 20 wmoles of oxalacetate, pH 7.4; 100 
of DPT; 0.6 umole of DPN; 10 units of CoA; 100 ymoles of phosphate buffer, pH 7.4; 
0.05 ml. of A-40 pigeon liver enzyme; 4 wmoles of MgCl,; 9.25 units pyruvie oxi- 
dase; BAL or cysteine, where present, 100 mg. per liter; final volume 2 ml. Incuba- 
tion for 15 minutes at 38°, under nitrogen; the values are in micromoles of citrate per 
hour. 
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The results from a study of the effect of the monothiol and dithiol in- 
hibitors and of Furacin on citrate formation appear in Table V. In this 
system the sulfhydryl inhibition did not seem to be involved with CoA 
directly, since, in experiments not appearing in Table V, concentrations 
of CoA from 5 to 20 units did not appear to affect the percentage of in- 
hibition. It has been found that the condensing enzyme is affected by 
some sulfhydryl inhibitors.4 That the action of Furacin is different from 
the sulfhydryl] inhibitors is shown by the inability of BAL or cysteine to 
reverse the Furacin inhibition, whereas the action of the thiol or dithiol 
inhibitors was readily reversed. In bacterial systems (24) Furacin has 
been found to act as an inhibitor of certain enzymatic dehydrogenation 
systems involved in carbohydrate metabolism. The inhibition was not 
antagonized by cysteine or sodium thioglycolate. Antagonism of Furacin 
inhibition of urease has been reported (25) to be reversible by cysteine. 
However, whether a true antagonism occurred or whether the cysteine 
facilitated the destruction of Furacin, as noted by others (26), was not 
clear. 


DISCUSSION 


If we again consider Reactions 1, 2, and 3, we observe interference by 
Furacin in the first two and either no effect or actual facilitation in the 
third reaction. Since the same enzyme is presumed to function initially 
in all three reactions, the nitrofuran effect does not appear to be directly 
on the enzyme. No decrease in inhibition was found upon increasing the 
enzyme concentration. It also becomes apparent that we are not con- 
cerned with direct interference with the known cofactors since cocarboxyl- 
ase and magnesium are common to all three reactions, and CoA, thioctic 
acid, and DPN are not considered essential and were not added in Reac- 
tion 2. Inhibition occurs to the same extent in Reaction 2 as in Reaction 
1. The outstanding difference between Reactions 1 and 2 and Reaction 3 
appears to be the necessity of oxygen or a substitute electron acceptor in 
Reaction 3. Reactions 1 and 2 occur under strict anaerobic conditions. 

Jagannathan and Schweet (2) have postulated the presence of an autoxi- 
dizable electron carrier in pyruvic oxidase preparations. The details of 
this electron transport pathway are not known. In the pyruvic oxidase 
system Furacin does not interfere with the formation of acetate from py- 
ruvate, a reaction requiring oxygen or artificial electron acceptors such as 
ferricyanide or methylene blue. Furacin interference in the production of 
acetylmethylearbinol or acetyl coenzyme A is markedly decreased in the 
presence of oxygen. These facts might indicate the presence of an autox- 
idizable electron carrier, the reoxidation of which cycles internally under 
anaerobic conditions and through oxygen under aerobic conditions. It is 


* Ochoa, 8., personal communication. 
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postulated that the internal anaerobic cycle might be interrupted in the 
presence of Furacin. Under aerobic conditions the cycle may be shunted 
to oxygen, and the internal cycle where Furacin interference occurs may 
cease to function. The internal oxidation-reduction system does not in- 
volve thioctic acid since sulfhydryl inhibitors do not affect AMC and ace- 
tate formation (27). 

Only moderate inhibition of yeast carboxylase by Furacin has been re- 
ported (28 per cent with 7 XK 10-‘ m Furacin) (24). This is in agreement 
with unpublished experiments performed in this laboratory. Certain 
bacterial carboxylases appeared to be somewhat more sensitive (28) al- 
though the conditions may not have been strictly comparable, while others 
(Proteus vulgaris)® are not affected by nitrofurans. The electron transport 
mechanisms of these various systems have not been fully elucidated. 
When these have been resolved, the réle of the nitrofurans in the inhibition 
of some decarboxylation systems and in the facilitation of others may be- 
come more apparent. 


SUMMARY 


1. Interference by very low concentrations of Furacin occurs in the 
formation of acetyl coenzyme A as well as in the formation of AMC from 
pyruvate by pyruvic oxidase from pigeon breast muscle under anaerobic 
conditions. -However, under aerobic conditions Furacin inhibition is 
apparent only at high levels. 

2. No interference by Furacin has been observed in the formation of 
acetate from pyruvate. This reaction can actually be facilitated in the 
presence of high levels of Furacin. 

3. The mechanism of Furacin interference is discussed. 
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THE EFFECT OF INSULIN ON THE PATHWAYS OF 
CONVERSION OF GLUCOSE TO FATTY ACIDS 
IN THE LIVER* 


By J. M. FELTS,f RUTH G. DOELL, anv I. L. CHAIKOFF 


(From the Department of Physiology of the University of California School of 
Medicine, Berkeley, California) 


(Received for publication, April 14, 1955) 


Recent studies have shown that microorganisms, plants, and mammalian 
tissues contain enzymes capable of oxidizing glucose by the pathway vari- 
ously described as the phosphogluconate oxidative, direct oxidative, or 
Warburg-Dickens pathway (1). Attempts to obtain a measure of the sig- 
nificance of this pathway in glucose metabolism of liver, kidney, and mus- 
cle have been made by Bloom and Stetten (2) and by Katz et al. (3) on the 
basis of C™QO, yields from glucose-1-C™ and glucose-6-C™. <A different 
calculation was developed by Abraham et al. in their studies on rat mam- 
mary gland (4). These workers made use of the relative incorporation of 
the C™ of glucose-1-C™ and -6-C" into fatty acid. In this calculation it 
is assumed that the Ist carbon of glucose is incorporated into fatty acid 
solely by the Embden-Meyerhof pathway, whereas the 6th carbon of the 
glucose molecule is converted to fatty acid both by the Embden-Meyerhof 
pathway and by the phosphogluconate oxidative pathway. Thus, the dif- 
ference between the fatty acid-C™ derived from glucose-1-C™ and -6-C" 
provides a measure of the fraction of the fatty acid-C™ that arises by the phos- 
phogluconate oxidative pathway. This method has been employed here to 
determine the effect of insulin on the different pathways involved in the 
conversion of glucose to fatty acids in the liver. 


EXPERIMENTAL 


Treatment of Animals—Rats of the Long-Evans strain were used in this 
study. Diabetes was induced by the injection of alloxan monohydrate 
(Eastman). <A period of at least 3 weeks was allowed to elapse from the 
time these rats were injected to the time their livers were excised. Food 
and water consumption, weight, and volume of urine excreted were meas- 
ured daily; the amount of urinary glucose was determined periodically for 
each rat. The rats used in this study manifested a fasting blood sugar of 
250 mg. per cent, or more, approximately 1 week before they were sacri- 
ficed. 


* This work was supported by a contract with the United States Atomic Energy 
Commission and by a grant from Eli Lilly and Company. 
t Present address, Tufts University School of Medicine, Boston, Massachusetts. 
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| recoveries 
rom 
Pretreat. | 
Rat No. | with | 
| acuta” Glu Glu- 
cose-1- | cose-6 
Cr Cu 
den | | 
N4t, t 
N5 | | 3.81 1.7 
N6 | 5.2 | 2.1 
N7 | 5.2 | 3.1 
N8 | 8.6 3.0 
Average. . ] 
D1§ 1.5 | 1.7 | 
D2 | | 2.0) 1.6 
D3 | | 2.8} 1.6 
D4 1.6 0.80 
D5 1.1 0.60 
D6 1.8 | 1.2 
D7 
Average..:...... 
Dig 6.42.5 | 
D112 4.7 1.8 
D138 1 8.5 | 2.3 
D'4 l 5.9 | 2.2 
D21§ 2 | 10.2/ 1.9 
D22 2 | 10.8 | 2.4 
D23 2 | 9.9/1.5 
124 2 9.6 2.0 
D25 2 9.9 | 2.0 
D26 2 | 11.3 2.9 
D27 2 13.8 2.5 
D28 | 2 6.3 | 1.6 
D29 | 2 9.7 2.6 
Average....... 
3 | 12.11 3.1 
D32 74134 
133 10.4! 2.7 


TABLE I 


from glucose.6-C'™ 
C™Ors from glucose-1-C'™ 


| 


Incorporation of Added Glucose-1-C™ and Glucose-6-C into COz and Fatty Acids 


Per cent of Per cent of fatty 
added C™ acids-C™ derived 
converted to from added 
fatty acids from glucose 
| Via 
Via 
Glu- Glu- |p Iter- 
cu Cu |Meyerhof) 
| pathway way 
0.52 O.82 63 37 
0.88 1.3 68 32 
0.48 0.69 70 30 
0.77 | 1.2 64 36 
0.72 | 1.1 66 34 
| 66 | 34 
| 
0.033 0.044 75 25 
0.030) 0.0381 3 
0.072 0.048 100 0 
0.029, 0.043 65 35 
0.068 0.078, 87 13 
85 | 15 
1.8 2.1 86 
0.58 1.2 48 52 
1.9 (2.9 66 34 
1.4 1.8 78 22 
69 31 
2.5 |5.4 | 46 | 54 
3216.5 | 49 | 51 
3.2 16.1 | 52 | 48 
4.0 8.2 | 49 | 65l 
3.7 5.4 69 | 31 
2.5 |4.0 | 62 | 38 
2.8 |5.4 | -52 | 48 
| 54 46 
2.5 | 4.8 48 
1.6 | 3.3 48 | 52 
2.6 3.9 67 33 
56 44 
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TaBLeE I—Concluded 


500 mg. of rat liver slices were incubated with 55 uwmoles of labeled glucose as de- 
scribed in the text. Each value reported is the average of two separate determin- 
ations. 

* The diabetic rats received a single injection of 40 units of protamine zine in- 
sulin per kilo of body weight each day for the periods indicated. In addition, each 
of these rats received 40 units of regular insulin per kilo of body weight several 
hours before sacrifice. The insulin was kindly furnished by Eli Lilly and Company. 

t Normal group. { These animals were maintained on a stock diet until time of 
sacrifice. § Diabetic group. 


Both normal and diabetic rats were raised and maintained on a stock 
diet unless otherwise noted. Several days before they were sacrificed they 
were fed a high carbohydrate diet consisting of 60 per cent glucose, 22 per 
cent casein, 12 per cent Cellu flour, and 6 per cent salt mixture. The com- 
position of the salt mixture and the vitamin supplements that were added 
to this diet have been described elsewhere (5). 

Substrates—The glucose-1-C™ used in these studies was obtained from 
the National Bureau of Standards. The glucose-6-C™ was kindly sup- 
plied by Dr. S. Abraham. 

Incubation Procedure—The rats were sacrificed by cervical fracture, and 
their livers were quickly removed and sliced. Approximately 500 mg. 
of liver slices were incubated for 3 hours at 37.5° in 5 ml. of Krebs-Henseleit 
bicarbonate buffer containing 55 umoles of labeled glucose. The incuba- 
tion procedure and flask have been described elsewhere (6, 7). 

C40, and Fatty Acid-C™ Determinations—The was assayed as 
BaCO;; the details of the procedure are described elsewhere (8). The 
washed tissue slices were hydrolyzed with 3 ml. of 30 per cent KOH and 
3 ml. of 95 per cent ethyl alcohol. The methods used for the determina- 
tion of fatty acids-C™ and cholesterol-C™ have been described elsewhere 
(7). The C* recovered in cholesterol constituted a very small portion of 
the C™ recovered in the lipide fraction. The C™ was determined with a 
flow tube equipped with a Pliofilm end window, and all samples were 
counted to an accuracy of +5 per cent. 


RESULTS AND DISCUSSION 


It was shown some time ago that pretreatment of diabetic rats with in- 
sulin results in a 10-fold increase in the capacity of their livers to convert 
the C" of glucose evenly labeled with C™ to CO, (9). In that experiment 
the conversion of the C" to fatty acids rose from a value of less than 0.1 
per cent when liver slices prepared from untreated diabetic rats were used 
to a value as high as 5 per cent when liver slices from insulin-treated dia- 
betic rats were employed. Similar experiments have been carried out 
here with glucose-1-C" and glucose-6-C"™ in order to determine which of 
the pathways giving rise to fatty acids is stimulated by the hormone. The 
results are recorded in Table I. 
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C40, Recoveries from Glucose-1-C™ and Glucose-6-C'\—The insulin injec- 
tions had a more pronounced effect on the C™Q, recoveries from glucose- 
1-C™ than they did upon the CO, derived from glucose-6-C™. Thus, in 
the case of glucose-1-C™, the CO: recoveries ranged from 1.1 to 2.8 in the 
experiments with diabetic liver slices and from 6.3 to 14 in the experiments 
with liver slices prepared from diabetic rats treated with insulin for 2 days, 
The corresponding values in the case of glucose-6-C™ were 0.6 to 1.7 and 
1.5 to 2.9, respectively. The values for the ratio, (C“O. derived from 
glucose-6-C"™) /(C"O, derived from glucose-1-C™), are given in Table I; 
also shown is that the average value for the ratio observed with the un- 
treated diabetic livers is 0.70 and that the average value observed with the 
2 day, insulin-treated rats is 0.21. This shift in the ratio suggests that, 
under the influence of the insulin injections, a larger fraction of the added 
glucose is being metabolized via a pathway other than the Embden-Meyer- 
hof pathway, 

Fatty Acids-C™ Recovered from Glucose-1-C and Glucose-6-C'%—The con- 
version of glucose-1-C™ and glucose-6-C" to fatty acid-C™ by each of the 
normal, diabetic, and insulin-treated diabetic livers is presented in Table 
I. From these values we calculated the percentages of the fatty acid-C" 
recoveries that arose via the Embden-Meyerhof and the alternative path- 
ways. For example, in the experiment with Rat N4, the fatty acid-C" 
recovered in the experiment with glucose-1-C™ was 0.52 per cent of the 
added C"™. Since this is assumed to represent incorporation of glucose 
carbon into fatty acids solely by the Embden-Meyerhof pathway, an equal 
amount of carbon 6 of glucose should also have been converted to fatty 
acids by this pathway. In the same experiment, the fatty acid-C" re- 
covered from glucose-6-C' was 0.82 per cent. Thus, 0.82 — 0.52 per cent 
or 0.30 per cent of the glucose-6-C™ recovered as fatty acid-C™ must have 
arisen by a pathway other than the Embden-Meyerhof. From these values 
we may conclude that approximately 0.52/0.82 * 100 or 63 per cent of 
the fatty acid-C™ was derived from glucose via the Embden-Meyerhof 
pathway, whereas 37 per cent was derived via an alternative pathway. 
From the results shown in Table I, it is apparent that the injection of in- 
sulin into diabetic rats for 2 days increased the fraction of fatty acid-C™ 
derived from glucose via the alternative pathway from an average of 15 
per cent to an average of 46 per cent. 

So far we have dealt with the fractions of the fatty acid-C™ that arose by 
the different pathways. It is difficult, for a number of reasons, to assign 
a value to the actual amount of glucose carbon converted to fatty acids. 
For example, the endogenous contribution of glucose to the system (glyco- 
genolysis and gluconeogenesis) cannot be readily determined. Further- 
more, it has been shown that the C™ of ribose-1-C™ is converted to glucose 
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(10), and this recycling of the ribose into the general glucose pool compli- 
cates any attempt to arrive at a value for the amounts of glucose involved 
in the various metabolic pathways.' However, since carbon 6 enters the 
C-2 pool by both pathways, we can calculate the microatoms of carbon 6 
of the added labeled glucose converted to fatty acids. Such a calculation 
for normal, diabetic, and insulin-treated diabetic livers is shown in Table 
II. The values recorded there indicate that insulin has a marked effect 
on both pathways of conversion of glucose carbon to fatty acids. But the 
insulin effect on the alternative pathway seems to be much greater than 


TaABLe II 


Estimation of Insulin Effect on Microatoms of Carbon 6 of Glucose Converted to Fatty 
Acids by Different Pathways 


Microatoms of carbon 6 of added glucose 
converted to fatty acids & 102 


Animal state Via Embden-Meyerhof Via alternative 


pathway* pathwayf 
Range | Average Range Average 
Diabetic, insulin-treated for 32-100) 79 = 55 32 


“ “ 72 -130 | 97 
* The values were obtained as follows: (fraction of C'* of glucose-1-C™ recovered 
in fatty acids) X (micromoles of added glucose). 

t The values were obtained as follows: (fraction of C'™ of glucose-6-C'™ recovered 
in fatty acids minus fraction of C' of glucose-1-C' recovered in fatty acids) X (mi- 
cromoles of added glucose). 


that on the Embden-Meyerhof pathway. Thus, insulin injections for 2 
days caused an increase of about 70-fold in the microatoms of glucose-6-C" 
converted to fatty acids via the Embden-Meyerhof pathway, whereas the 
increase via the alternative pathway was 375-fold. 


SUMMARY 


1. The conversion of the C™ of glucose-1-C"™ and -6-C"™ to CO: and fatty 
acids was compared in livers of normal rats, alloxan-diabetic rats, and 
insulin-treated, alloxan-diabetic rats. 


'This limitation does not, apparently, apply to the mammary gland, since glu- 
cose-6-phosphatase has not been demonstrated in this tissue. Free glucose is not 
formed by the mammary gland, and consequently there is no accumulating glucose 
pool. 
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2. The injection of insulin in the diabetic rats augmented the C™Q, re- 
coveries from glucose-1-C"™ to a much greater extent than it did from glu- 
cose-6-C'', The hormone treatments increased the incorporation of the 
C" of both glucose-1-C™ and -6-C" into fatty acids by the diabetic liver, 
but the effect was much more pronounced on carbon 6 than on carbon 1. 

3. The fractions of the fatty acid-C" that arose via the Embden-Meyer- 
hof and alternative pathways were estimated from the relative conversions 
of carbons 1 and 6 of glucose to fatty acids. The injection of insulin in 
the diabetic rat resulted in a 3-fold increase in the fraction of the fatty 
acid-C™ that arose via the phosphogluconate oxidation pathway. 

4. The microatoms of carbon 6 of added glucose converted to fatty acids 
by liver slices were also calculated. Insulin injections for 2 days caused 
an increase of about 70-fold in conversion via the Embden-Meyerhof path- 
way and of about 375-fold in the phosphogluconate oxidation pathway. 
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SPECIFIC REFRACTIVE INCREMENT OF SERUM 
LIPOPROTEINS OBTAINED BY FLOTATION* 


By MARTIN HANIG ano JOHN RIEDEN SHAINOFFT 


(From the Department of Biophysics, University of Pittsburgh, 
Pittsburgh, Pennsylvania) 


(Received for publication, May 31, 1955) 


During a cooperative survey on the relation of lipoproteins in serum to 
atherosclerosis, it was necessary for four laboratories to perform thousands 
of flotational determinations of the concentrations of the S; 12-20 and 
20-100 fractions of lipoprotein (1). Since information was lacking con- 
cerning the specific refractive increment of these fractions, an arbitrary 
constant was adopted, and was used for both fractions. The constant 
chosen was 0.171 (gm. per ml.)~' as determined for B-lipoprotein obtained 
by low temperature ethanol fractionation (2, 3). When adjusted for 
changes caused by the NaCl solvent, the value became 0.154 (gm. per ml.)~ 
(1). Determination of experimental values of specific refractive increment 
for S; 12-20 and S; 20-100 fractions was postponed, since only a relative 
value was required and a more precise evaluation could be obtained sub- 
sequently. 

This report constitutes such an evaluation of the S; 0-12 and 12-100 
segments of the flotational spectrum as they occur when prepared for analy- 
sis by ultracentrifugation, the separation into S; 12-20 and S; 20-100 being 
arbitrary. There is no good reason, however, for believing that the re- 
fractive indices of these subfractions should differ appreciably. Indeed, 
because of the ultracentrifugal continuity of the two optical patterns, no 
significant disparities ought to be expected from one end to the other. 


EXPERIMENTAL 


The refractive index and the dry weight of aliquots of the S; 0-12 and 
S; 0-100 fractions were determined. From these two values the specific 
refractive increment for each fraction and for the S; 12-100 fraction was 
calculated. The instability of the lipoproteins when removed from the 
solvent in which they were prepared and the complexity and high concen- 
tration of the elements of the solvent introduced several complications. 


* Publication No. 36 of the Department of Biophysics. This investigation was 
supported by research grants No. H-929(C3) and No. H-1387 from the National 
Heart Institute of the National Institutes of Health, Publie Health Service. 

t Taken in part from a thesis submitted to the Graduate School of the University 
of Pittsburgh in partial fulfilment of the requirements for the degree of Master of 
Science. 
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Large corrections for solvent elements were necessary in determining the 
weight of the lipoprotein in the fractions. The redistribution of the ele- 
ments of the high density NaCl solutions during the horizontal flotation 
process became another source for large corrections. Estimation of changes 
of this kind with suitable accuracy proved to be a major part of the prob- 
lem. 

Finally, after methods for evaluating the specific refractive increments 
for the S; 0-100, S; 0-12, and S; 12-100 fractions had been evolved, concen- 
trations determined for aliquots of these fractions by lyophilization were 
compared with concentrations determined optically in the ultracentrifuge 
by flotation. 

Preparation of Top Fraction—The top fraction consisted of all lipopro- 
teins which migrate and concentrate in a top layer in a 30.2 angle rotor of 
a Spinco preparative model L ultracentrifuge at 30,000 r.p.m. (79,420 x g) 
for 13 hours at 16-18° in a solution of serum adjusted with NaCl to p = 
1.065 (20:20) (1, 4). The top fraction was removed with a dropping 
pipette. The serum composed pools of about 75 samples of 1.5 ml. each 
stored at 4° for 2 months or less. Less than 5 per cent came from diabetic 
sources, and the remainder were normal sera. Other top fractions repre- 
sented lipoproteins prepared in the same manner, but remaining from the 
cooperative survey. They were stored for 30 days or less and pooled as 
0.5 ml. samples of the top fraction rather than as serum. 

Preparation of S; 0-12 Fraction—The top fraction was subjected to 
79,420 * g for 45 minutes, the first ml. being stripped off the tubes and 
discarded. The S; 0-12 in the remaining fraction was then enriched to 
approximately 9 per cent in the top 1 ml. under the above conditions for 
13 hours. After stripping, it was filtered with a slight vacuum through 
Schleicher and Schuell No. 576 filter paper. Removal of components mi- 
grating faster than S; 12 was accomplished in a separation cell at 59,780 
r.p.m. (254,500 X g) until the modal peak of the optical flotation pattern 
had moved two-thirds the distance from the periphery to the partition. 
Since the modal peak is approximately S; 6, it was calculated that at this 
distance the leading edge of the S; 12 component should be just past the 
partition. Subsequent analysis showed this procedure to leave 0.24 ml. 
of lipoprotein with a spectrum of S; 0-12 in the peripheral chamber of the 
cell. A sample of 1.2 ml. was sufficient for chloride, total solids, density, 
refractive index determinations, and ultracentrifugal flotation analysis of 
concentration. 

Preparation of S; 0-100 Fraction—The accuracy in determining the spe- 
cific refractive increment of the S; 12-100 fraction depends upon the rela- 
tive concentration of S; 12-100 in the S; 0-100 fraction. The S; 12-100 
constitutes only about 25 per cent of the total, another 30 per cent of 
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which is lost during the preparation of the S; 0-100 in the separation cell. 
Therefore, the S; 0-100 was enriched in components above approximately 
S; 25 before its preparation. 9 ml. samples of top fraction were subjected 
to 30,000 r.p.m. (79,420 X g) for 45 to 90 minutes, the top 1.5 ml. of each 
being stripped for further fractionation. These were filtered through 
Schleicher and Schuell No. 576 paper under a slight vacuum. All com- 
ponents of S; greater than 100 were removed in the separation cell by flo- 
tation into its axial compartment, according to subsequent analysis. 1.2 
ml. were sufficient for the requisite determinations. 

Determination of Total Solids—0.5 gm. samples of solutions were dried 
to constant weight for 4 hours by lyophilization (5) by utilizing dry ice 
and acetone at temperatures below —50° and an ultimate vacuum of 40 
microns. This was followed by an additional treatment in an Abder- 
halden drier with P.O; (2) under a vacuum and kept at 57° by boiling 
acetone for 12 hours. The latter treatment resulted in a sample of con- 
stant weight 0.33 per cent lower than that yielded by lyophilization. The 
results were reproducible within 0.1 per cent. 

Determination of NaCl—In order to determine the amount of lipoprotein 
in the dried samples, the high NaCl concentrations of the solvent had to be 
taken into account. It was also necessary to know the NaCl concentra- 
tions in those samples in which ultracentrifugal redistribution had taken 
place. The adaptation by Van Slyke and Hiller (6) of Sendroy’s iodo- 
titrimetric method (7) for the analysis of chloride in the presence of pro- 
tein was well suited to the problem. The standard error of measurement 
based on seven duplicate determinations was 0.186 mg. per gm. of sample; 
the mean NaCl content was 88.4 mg. per gm. of sample. 

Density Determinations—For conversion of concentrations expressed on 
a weight to volume basis, density measurements were made according to a 
modification of the density-gradient method of Jacobsen and Linderstrgm- 
Lang (8). ‘These were reproducible to within 0.1 per cent. 

Estimation of Low Molecular Weight Contributors from Serum—The pooled 
sera used as a source for the lipoprotein fractions were essentially normal 
in character, so that the concentrations of low molecular weight substances 
not removed in the preparation of the fractions can be estimated. Also, 
these substances were determined by subtracting the chemically deter- 
mined concentration of NaCl from the total solids in a typical fraction 
from which the lipoprotein was removed by angle centrifugation. From 
the literature (9), a concentration of 2.1 to 2.5 mg. per ml. in the fractions 
was estimated. Our experimental value was 2.5 mg. per ml. The latter 
concentration was employed in correcting dry weight measurements. 

Refractive Increment Determinations—A Phoenix B-S type of differen- 
tial refractometer was used in these studies (10). It was calibrated with 
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sucrose solutions according to the data of Browne and Zerban (11) with 
Na light, 5890 A, and converted to Hg, 5460 A, by a factor provided by the 
manufacturer. All experimental determinations were performed at 5460 
A. A single experimental reference solution of NaCl concentration, Cpr, of 
9.37 per cent was used in measuring the refractive increment, nz, of the 
individual lipoprotein fractions. Since the fractions differed among them- 
selves in solvent composition and concentration, depending upon the con- 
ditions of preparation, it was necessary to make appropriate corrections to 
Cr. These were made in specific refractive increment units for NaCl, ky = 
0.177 (gm. per gm.)~! (12), dependent upon the changes in concentration 
of solvent in the fractions. The first correction in terms of refractive in- 
crement, An; = 3.43 X 10~‘*, was for the low molecular weight contributors 
from the serum. It was accomplished simply by determining the differ- 
ence in refractive increment An¢ between the 9.37 per cent NaCl reference 
and a solution composed of 4 parts of NaCl and 5 parts of pooled serum 
such that p = 1.065 (20:20), and from which all protein and lipoprotein 
had been removed by angle ultracentrifugation. A second correction in- 
volved two adjustments for the NaCl concentration in the lipoprotein 
fraction, one for the volume occupied by the lipoprotein, assuming an 
average density of 1.00 (4), and another for solvent redistribution imposed 
by horizontal ultracentrifugation during fractionation. These two adjust- 
ments were made simultaneously by adjusting the refractive increment, 
Nr, according to the observed analytically determined NaCl concentration, 
Cp, in the fraction by means of the relation 


Ca = Cr/(1 — Cr) (I) 


where C', = adjusted NaCl content of lipoprotein fraction in gm. per gm. 
solution; Cp = observed NaCl content of lipoprotein fraction in gm. per 
gm. solution; C, = observed lipoprotein concentration in gm. per gm. 
solution. ‘The adjustment for NaCl from C, to C4 is given by the second 
term and that for the low molecular weight contributors from serum by the 
third term in the following expression. Then the refractive increment for 
the lipoprotein contribution, n,, to the total refractive increment of the 


fraction, Np, is 


ny = ne + kn(Cr — Ca) — Anc (II) 


and the specific refractive increment, k,, in (gm. per ml.)~! for the lipo- 
protein in the fraction is 


nL 
III 
L (IIT) 


where p, is the density of the lipoprotein fraction. 
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Concentrations Measured from Ultracentrifugal Flotation Patterns—Con- 
centrations of the lipoprotein fractions determined by lyophilization and 
evaluation of the solvent elements were compared with aliquots of the 
same samples determined by flotation with the new value for k,. The con- 
centrations determined from flotation patterns were made exactly accord- 
ing to the method agreed to by the four laboratories and were performed 
ina Spinco model E analytical ultracentrifuge (1). Throughout the period 
in which measurements were made, the instrument was continually checked 
by extensive reproducibility tests against all the instruments in the survey. 
The optical system was standard for the Spinco model E, except that a 
10 mil wire was substituted for the bar. The system was equipped with an 
AH-6 Hg vapor lamp and a No. 16 Wratten filter which yielded light at 
5460 and 5790 A, as opposed to that of the refractometer at 5460 A. It 
may be calculated, however, that this difference in wave-length would cor- 
respond to an insignificant difference in the areas of the patterns. Con- 
centrations! for S; 0-12, 12-20, and 20-100 were determined from the areas 
of the appropriate different patterns photographed at different intervals 
during a flotation run. The areas corresponding to S; 0-12 and 12-20 were 
measured on contiguous segments of the same patterns for Samples C, D, 
and EK. The standard errors of measurement, o., were 0.25 mg. for S; 
12-20 and 0.60 mg. for S; 20-100 in the range of 0 to 20.0 mg. For §,; 
0-12, o. was 0.225 mg. per ml. in the range of 13.1 to 25.1 mg. per ml. 


Results 


Experimental and computational values for the symbols of equations 
I, II, and III may be found in Table I. The values for the specific re- 
fractive increment, k,, for three samples of the S; 0-12 fraction and for 
four samples of the S; 0-100 fraction are listed in Column 8. The mean 
for the former is 0.1498 (gm. per ml.)~! and for the latter 0.1517 (gm. 
per ml.)-'. When the standard error of the difference between the means 
is calculated, SE.x, —x,) = 0.024; ¢ = 1.06, indicating that the difference 


'It will be noted that no attempt was made in these flotational measurements 
of concentration to correct for density and viscosity. Density corrections are neg- 
ligible because of its prior adjustment. Consideration of the distinctive general 
shape of the optical] pattern for the S; 0-100 fraction will make the omission of any 
lateral corrections readily apparent. A typical pattern falls off very rapidly from 
the base-line at Ss = 0 to a maximum at S; = 6. Then it rises gradually toward the 
base-line until it almost touches the base-line again at S; = 100. Obviously all of 
the pattern delimited at the peripheral end of the cell must be included in the meas- 
urement of area, regardless of lateral corrections for density and viscosity or degree 
of deviation from the base-line. At S-¢ = 100 the deviation from the base-line, and 
consequently the area, forms such a small part of the total that errors introduced 
in this region by lateral corrections to the S; 100 boundary, imposed by density and 
viscosity, are completely negligible. 
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TABLE I 


Specific Refractive Increments and Concentrations of Lipoprotein Fractions 
Determined by Lyophilization and Flotation 


| 


ky 
n Cc Cc Cc 
x for! x x tos} x fos] | Tow fom Per | UC 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
om gm. per gm. per |. per 
gm. gm. 
0-12 A 46 |27.98;) 92.8 {1.063} 29.78 |44.43] 0.1492 
B, 77 .93'87 .95|48.10} 92.4 |1.061] 51.03 177.51) 0.1519 
Be 37.56/89 .95/23 .38) 92.2 24.82 0.1482 | 24.5 
0.1498 
0-100 C 
0-12 38.9 
12-20 3.2 
20-100 3.0 
0-100 (65.63/86.3 |42.61) 90.4 |1.061} 45.21 |68.05) 0.1506 | 45.1 
D 
0-12 42.4 
12-20 5.9 1 
20-100 4.1 t 
0-100 51.08) S8.8 |1.059) 54.04 184.09) 0.1556 | 52.4 t} 
(0-12 30.4 
12-20 6.1 Ce 
20-100 5.8 (). 
0-100 (66.83.87.2 (42.11) 91.3 |1.061) 44.68 167.65) 0.1514 | 42.3 te 
F 
0-12 38.4 
12-20 6.1 
20-100 3.9 
0.100 74.7186.9 47.52 91.4 1.062) 50.46 (75.35) 0.1498 | 48.4 
X at X X = Mm 
43.84 0.1517 | 42.54 tic 
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between the means is clearly not significant well within the 0.05 level. 
Therefore, it is justifiable to use the mean of all seven determinations, 
k, = 0.151 (gm. per ml.)~!, as the specific refractive increment for the 
S; 0-12 and S; 12-100 lipoprotein fractions from serum. 

It also follows that this is the value to be employed in computing the 
lipoprotein concentrations obtained by means of the ultracentrifuge. Col- 
umn 9 lists five flotation determinations expressed in gm. per liter. The 
proportionate parts of S; 0-100, comprising the S; 0-12, 12-20, and 20-100 
fractions as they were evaluated from their respective area patterns, are 
included. Column 6 lists the concentrations obtained in the drying ex- 
periments for aliquots of the same five samples. The mean for the drying 
experiments is 43.84 gm. per liter. The mean for the same samples deter- 
mined by ultracentrifugation is 42.54 gm. per liter. The standard error 
for the mean of the differences between comparable pairs of the two meth- 
ods is 0.469 gm. per liter; ¢ = 2.77, which is just at the 0.05 level. 


DISCUSSION 


No difference of any clear significance in the specific refractive increment 
between the S; 0-12 and §S; 0-100 lipoprotein fractions was observed in our 
studies. Therefore, we conclude that the same value, k, = 0.151 (gm. 
per ml.)~', in solvents of approximately 9.2 per cent NaCl applies to all 
three lipoprotein fractions within the limits of accuracy of our observations. 
The cooperative survey was thereby justified in using the same value for 
the S; 12-20 and 5; 20-100 fractions in computing concentrations from these 
flotation patterns. Its choice of the value, 0.154 (gm. per ml.)~! (1), es- 
timated from the ethanol fractionated 8-lipoprotein at low ionic strength, 
was a good one. Our attempts to determine k, at infinite dilution of NaCl 
met with repeated failure as the samples became unstable at NaCl con- 
centrations of about 2.0 per cent, where k, reached a maximum of about 
0.167 (gm. per ml.)-'. At NaCl concentrations below this, k, became 
very erratic, making impossible extrapolation with any degree of accuracy 
to infinite dilution of the salt. Thus, we were unable to compare the 
k, of our S_¢ 0-100 fraction, of which 95 per cent was S; 0-12 with the 
k, = O.171 (gm. per ml.)~! for B-lipoprotein in 0.3 m NaCl (1.75 per cent) 
(2). 

Since our data did not detect a difference in k, from one end to the 
other of the S; 0-100 speetrum, we have found it convenient to measure 
the concentrations of subfractions of this group of lipoproteins refracto- 
metrically. The accuracy of such determinations is limited from a prac- 
tical standpoint only by the accuracy with which the solvent composition 
is known. | 

A comparison of the dry weight determinations with those obtained by 
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ultracentrifugal analysis indicates that by the two methods very nearly 
the same entities are analyzed. According to the value found for ¢, the 
probability is 1:20 that the difference between the means might be ex- 
ceeded by random chance. Thus, the results are not inconsistent with the 
hypothesis that both methods of analysis actually are measuring the same 
things. This conclusion was not necessarily to be expected in view of the 
large number of variables involved in both methods, and it should be of 
much interest to those investigators employing the flotational procedure 
extensively for measuring concentrations of serum lipoproteins in the range 
S; 0-100. 

Our determination for the lipoproteins of the S; 0-100 class of k, = 0.151 
(gm. per ml.)~' suggests a downward revision of 2.0 per cent in all of the 
results of the cooperative survey. However, in view of the fact that suf- 
ficient absolute accuracy to call for applicable lateral corrections was not 
required, we feel that this small revision for specific refractive increment 
may also be neglected. 


SUMMARY 


The specific refractive increment of lipoproteins, obtained by flotation 
from solutions of serum adjusted to p = 1.065 (20:20) with NaCl, has been 
found to be 0.151 (gm. per ml.)~! for both the S; 0-12 and S; 12-100 frac- 
tions. 

The specific refractive increment at infinite dilution of the NaCl could 
not be determined because of the instability of the lipoproteins below 2.0 
per cent NaCl. 

The concentration of the S; 0-100 fraction, determined after lyophiliza- 
tion and evaluation of the solvent elements, agrees with the concentrations 
determined in the ultracentrifuge, so that it may be said that by both 
methods the same entities are analyzed. 

The value of k, assumed by the cooperative survey is sufficiently close 
to the experimental value determined by us to preclude revision of the 
concentrations determined by the cooperative survey. 

The evident uniformity of k, throughout the S; 0-100 portion of the lipo- 
protein density spectrum makes possible refractometric determination of 
concentrations of subfractions of S; 0-100 if the composition of the solvent 
is known. 
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OXIDATIVE PHOSPHORYLATION BY AN ENZYME COMPLEX 
FROM EXTRACTS OF MITOCHONDRIA 


I. THE SPAN B-HYDROXYBUTYRATE TO OXYGEN* 


By CECIL COOPER ALBERT L. LEHNINGER 


(From the Department of Physiological Chemistry, School of Medicine, The Johns 
Hopkins University, Baltimore, Maryland) 


(Received for publication, August 1, 1955) 


It has been rather generally observed that oxidative phosphorylation 
with high efficiency may be demonstrated with mitochondria isolated from 
animal tissues only if they possess relatively intact morphology (1, 2). 
Disruption of mitochondrial structure by procedures such as freezing and 
thawing, grinding, and treatment with various dispersing agents such 
as bile salts and alcohol-water mixtures, etc., has been found to lead to 
loss of the phosphorylating activity, although the enzymes involved in 
electron transport may survive such treatment. Thus the preparations of 
Keilin and Hartree (3) are highly active so far as succinoxidase and cyto- 
chrome oxidase activities are concerned but show no coupled phosphoryla- 
tion (4). Furthermore, little success has attended efforts to restore the 
phosphorylating activity by addition of cofactors. Largely because of the 
apparent dependence of oxidative phosphorylation on more or less intact 
mitochondrial structure, little direct information concerning the enzymatic 
mechanisms involved in the coupling process has become available. 

Following a systematic study of various means of disrupting mito- 
chondrial structure, in which a very sensitive isotopic method for detecting 
phosphorylation even at extremely low P:O ratios was used, we have found 
it possible to demonstrate the occurrence of oxidative phosphorylation in 
lipoprotein-rich fractions of relatively low particle weight separated from 
digitonin extracts of mitochondria. The P:O ratios observed with such 
preparations approach in magnitude those observed with intact mitochon- 
dria. Although these preparations evidently retain considerable organiza- 
tion of both the electron transport and phosphorylating enzymes, they 
have permitted much more direct study of various aspects of oxidative 
phosphorylation than has been possible in the past with intact mitochon- 
dria. In this communication the preparation and properties of this multi- 

* Supported in part by grants from the National Institutes of Health and the 
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490 OXIDATIVE PHOSPHORYLATION. I 


enzyme complex and its ability to catalyze phosphorylation coupled to the 
oxidation of 8-hydroxybutyrate by molecular oxygen will be described.! 

Papers II and III deal with the ability of this enzyme complex to carry 
out phosphorylations coupled to known segments of the respiratory chain 
(6, 7). Communications concerning the ATPase? activity, exchange reac- 
tions, and some aspects of the mechanisms of oxidation and phosphoryla- 
tion will follow. 


Methods 


Preparation of Phosphorylating Enzyme System—Mitochondria were iso- 
lated from 15 per cent homogenates of rat liver in 0.25 mM sucrose by the 
method of Hogeboom et al. (8). Relatively loose homogenizers and short 
homogenization periods were employed. Only well fed male Wistar rats 
(Carworth Farms) averaging about 200 gm. in body weight were used. 
Ordinarily batches of six livers (about 60 gm.) were carried through the 
entire procedure. The mitochondria were washed twice with 0.25 Mm su- 
crose and then suspended in 0.25 mM sucrose. The remaining nuclei and 
unbroken cells were removed at 600 X g; the mitochondria were then re- 
sedimented at 9000 X g. This mitochondrial pellet, derived from six rat 
livers, was suspended in 7.5 ml. of cold 1.0 per cent solution of recrystallized 
digitonin (Fisher) in H.O. The suspension was kept at 0° for 20 minutes 
and then centrifuged at 75,000 X g for 25 minutes in the Spinco model L 
ultracentrifuge. The supernatant solution was decanted in such a manner 
as to remove also the very loosely packed gelatinous upper layer of the 
sedimented material. The remainder of the sediment, designated Sedi- 
ment S-1, was put aside for a second extraction (see below). The mixed 
supernatant material was then sedimented at 100,000 X g for 25 minutes. 
The pellet formed was suspended in 7.5 ml. of cold 0.25 per cent digitonin 
solution and recentrifuged at 100,000 x g for 25 minutes. The superna- 
tant solution was discarded and the pellet was resuspended in 5.0 ml. of 
cold distilled HO to yield the preparation hereafter designated as Prepara- 
tion P-1. This suspension was used directly in the enzyme test systems; 
it usually contained from 350 to 750 y of total N per ml. 

Sediment S-1, which remained after the first extraction with digitonin 
described above, was now subjected to a second extraction; from the second 


1A preliminary communication has been published (5). 

2 Abbreviations, BOH, 8-hydroxybutyrate; ATP and ADP for adenosine tri- and 
diphosphates, respectively, and, similarly, ITP, IDP, UTP, UDP, etc., for the cor- 
responding tri- and diphosphates of inosine, uridine, guanosine, cytidine, and thymi- 
dine; DPN* and DPNH for oxidized and reduced diphosphopyridine nucleotide, 
respectively; EDTA, ethylenediaminetetraacetate; DNP, 2,4-dinitrophenol; P, in- 
organic phosphate; Dicumarol, 3,3’-methylenebis(4-hydroxycoumarin); Fe!! cyt ¢, 
ferrocytochrome c; Fe!!! eyt ¢, ferricytochrome c. 
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extract another batch of active enzyme (designated Preparation P-2) of 
similar enzymatic properties may be obtained. For the extraction Sedi- 
ment S-1 was suspended in 7.5 ml. of cold 1 per cent digitonin for 20 min- 
utes. The procedure as described above for the separation of Preparation 
P-1 from the digitonin extract was now repeated exactly and the final 
pellet was suspended in 5.0 ml. of cold distilled water to yield Preparation 
P-2. 

Several variables concerning the yield of active enzyme complex have 
been studied. In brief, it has been found that digitonin concentrations 
below 0.7 per cent do not extract activity. Two successive extractions 
with 1 per cent digitonin were found far more effective than single extrac- 
tions with more concentrated digitonin. Concentrations of digitonin 
higher than 2 per cent inhibited phosphorylating activity. Preparations 
isolated from livers of fasted rats yielded little or no activity by the pro- 
cedure described ; differences in extraction and sedimentation of the enzyme 
complex were evident in this case. 

Analytical—Oxidation of 6-hydroxybutyrate was followed either by 
measuring the stoichiometric accumulation of acetoacetate (9) or by meas- 
uring oxygen uptake amperometrically with the open type oxygen electrode 
of Davies and Brink (10). In the latter type of measurement a 1.0 ml. 
reaction cell was employed which contained a stationary open type plati- 
num micro electrode and a KC! bridge leading to an Ag-AgCl reference cell, 
arranged in such a way as to avoid any difficulty through contamination 
of the reaction cell by Agt. The electrode was initially calibrated by the 
method of Davies and Brink (10); in addition each experimental determina- 
tion of rate of oxygen uptake was also accompanied by calibrations consist- 
ing of current measurements at full saturation of the medium with air and 
also at zero concentration of oxygen, produced by addition of dithionite at 
the end of the enzyme test. The current corresponding to the relatively 
very low rate of diffusion of oxygen to the electrode was determined in the 
presence of the enzyme reaction medium with substrate omitted; substrate 
was then added and measurements made over 10 to 15 minute periods. 
The change in O2 concentration was continuously recorded by means of a 
Brown recording potentiometer. In a parallel cell addition of cyanide to 
the same medium to inhibit cytochrome oxidase permitted separate meas- 
urement of the base-line diffusion rate. 

Phosphate uptake was measured by the isotopic method already de- 
scribed (11); the only modifications were the complete omission of the 
phosphate “carrier” from the trichloroacetic acid used to deproteinize the 
reaction medium and the omission of the acetone treatment in the depro- 


3 Personal communication from Dr. Britton Chance. 
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teinization. The P:O ratios given are estimated to have an average error 
no larger than LO per cent. 

CDP and UDP were obtained from the Pabst Laboratories; GDP and 
IDP from the Sigma Chemical Company. 


EXPERIMENTAL 


Phosphorylation Coupled to Oxidation of B-Hydroxybutyrate—When the 
enzyme Preparation P-1l was incubated with BOH, ADP, and inorganic 
phosphate, oxygen was taken up and acetoacetate accumulated according 
to the equation 


(1) p(—)-8-Hydroxybutyrate + — acetoacetate + 


Coupled to this oxidation were the disappearance of inorganic phosphate 
and the net formation of equivalent amounts of ATP. Some typical data 
taken from a large number of experiments are presented in Table I; others 
are shown in the form of control values in other tables. It is seen that in 
the presence of all the components enumerated, both oxidation and phos- 
phorylation occurred. In the absence of substrate, neither oxidation nor 
phosphorylation occurred. Omission of either ADP or phosphate caused 
great decreases in the rate of oxidation of BOH, demonstrating dependence 
of oxidation on both phosphate and phosphate acceptor, as seen in intact 
mitochondria (12). It is also noted that amperometric measurement. of 
oxygen uptake agreed closely with colorimetric measurement of acetoace- 
tate accumulation, in accord with Equation 1. 

From 92 to 99 per cent of the orthophosphate disappearing during the 
coupled phosphorylation could be recovered as newly formed ATP, fol- 
lowing chromatography of the adenine nucleotides on Dowex 1 columns 
(13). In a typical experiment 2.83 X 10* c.p.m. of P® disappeared from 
the inorganic phosphate pool as determined by the extraction method, and 
2.59 X 10 c.p.m. were recovered in the eluates corresponding to ATP. 
No activity was detected in the ADP fraction. 

Of a large number of measurements of the P:O ratio, some were as high 
as 2.8 (maximum expected, 3.0 (14)); however, most values observed were 
between 1.5 and 2.4. Some of the deficiency may be accounted for by the 
ATPase activity of the enzyme complex, which will be considered in another 
communication. The addition either of fluoride or of yeast hexokinase 
plus glucose did not increase the P:O ratios. Similarly, EDTA was found 
to be without effect on the P:O ratio, contrary to its action on intact 
mitochondria (15, 11). 

The data in Table I also demonstrate that it is unnecessary to supple- 
ment the reaction medium with Mg**, although intact mitochondria are 
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known to require Mgt* in the medium for maximal P:O ratios (11). In 
fact, the addition of Mg** causes uncoupling of phosphorylation. 

Both oxidation and phosphorylation proceed in a linear manner with 
time (Fig. 1), even for extended periods. Actually the enzyme prepara- 


TABLE 
Requirements for Oxidation and Phosphorylation 
The test system contained 0.01 m pL-BOH or 0.005 m p-BOH, 0.0024 m ADP, 
0.010 m P (pH 6.0, labeled with P*?), and enzyme (100 to 150 y of N) in a total volume 
of 3.0 ml. Omissions or additions to standard test system as shown below. Incu- 
bated in air at 23° for 15 minutes; enzyme tipped into main compartment at end of 5 
minute equilibration period. 


“a Omissions or additions | ae | —AP | a 
| umole umole 
l | Complete system 0.47 0.76 1.62 
| Minus BOH 0.00T 0.00 0.00 
| ‘ADP 0.17 0.00 0.00 
eo. 0.24 0.09 0.38 
2 Complete system (pL-BOH) 0.41 0.80 1.95 
 (v-BOH) 0.40 0.77 1.93 
3 ” 4 0.21 0.36 1.71 
Minus BOH 0.00 0.00 
4 | Complete system 0.22 0.58 2.64 
| Minus BOH 0.00 0.00 
5 | Complete system 0.48 0.75 1.56 
| +0.005 m MgCl, ().28 0.34 1.21 
| +001 “ 0.24 0.26 1.08 
6 | Complete system 0.54 
| 0.53§ 


* The expression P:O designates the ratio of moles of P esterified per pair of elec- 
tron equivalents transferred to acceptor; in this case P:O = AP/A acetoacetate. 

t In experiments in the absence of added BOH no net oxygen uptake is detectable 
with the oxygen electrode. 

t In this experiment the orthophosphate concentration was 3 X 10-5 M, all of which 
was taken up. 

§ Microatoms of oxygen uptake measured amperometrically. 


tions are relatively stable at 0°. Little, if any, activity is lost for 8 to 10 
hours; at 24 hours the P:O ratio is still 50 per cent of that of the fresh 
preparation. Freezing and thawing destroy phosphorylating activity. 
In intact mitochondria inactivation of phosphorylation is produced by pre- 
incubation in phosphate-containing solutions (16). However, phosphate ap- 
pears to have no specific inactivating effect on the isolated enzyme complex. 

The isotopic measurements of phosphorylation described were not com- 
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plicated by simultaneous occurrence of the P®-ATP exchange reaction de- 
scribed by Boyer et al. (17). This exchange reaction occurs only when the 
ratio of ATP to ADP is very high; its properties and significance will be 
discussed in a later communication. 

Most of the experimental tests have been carried out under conditions 
in which relatively small absolute amounts of oxidation and phosphoryla- 
tion were measured. However, these conditions were chosen solely for 
reasons of economy because of the relatively lengthy preparation of the 
enzyme. Actually all the measurements were well within the accurate 
range of the methods used for measuring oxidation and phosphorylation. 


P:0*1.67 


yp MOLES 


i i 


10 20 30 
MINUTES 
Fic. 1. Rate of oxidation and phosphorylation. Test system as described in 
Table I. Temperature, 22°. 


Specificity of Substrates and Phosphate Acceptors—The isolated enzyme 
preparations are not capable of oxidizing a wide spectrum of substrates, 
in direct contrast to intact mitochondria. The data in Table II show that 
8-hydroxybutyrate is consistently oxidized at a high rate, by both Prepa- 
rations P-1 and P-2. Succinate is also oxidized by both preparations, but 
especially well by Preparation P-2. A number of other intermediates of 
the tricarboxylic acid cycle were found not to be attacked. Although the 
enzyme particles possess a high degree of functional organization with re- 
spect to the action of the respiratory chain and the coupled phosphoryla- 
tions, they obviously do not retain the organized Krebs cycle and fatty 
acid cycle activity so evident in intact mitochondria. 

The specificity of the phosphate acceptor has been carefully studied in 
view of the recent findings in a number of laboratories of the existence and 
biological reactivity of the 5’-di- and triphosphates of nucleosides other 
than adenosine. The data collected in Table III show that the 5’-diphos- 
phates of inosine, uridine, cytidine, and guanosine are not capable of re- 
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placing ADP in the test system and are thus probably inactive as phosphate 
acceptors. When UDP or CDP was added to systems already containing 
ADP as phosphate acceptor, barely significant increases in the P:O ratio 
were seen in some but not all experiments (see Table III); however, the 


TaBLe II 
Substrate Specificity of Enzyme Complex 
The test system contained substrates at 0.005 m, 0.01 Mm P (pH 6.5), 0.0024 m ADP, 
and enzyme Preparation P-1 (50 to 75 y of total N) in a total volume of 1.0ml. The 
rates of oxygen uptake were measured amperometrically at 23°; the rates were 
usually linear for 10 minutes. 


Oxygen uptake, mmicroatoms per min. 
Experiment No. Substrate 
Preparation P-1 Preparation P-2 

1 pL-BOH 18.2 22.0 
Succinate 6.2 29.2 
Citrate 0.0 
p-Malate 0.0 

2 pL-BOH 12.6 
L-Glutamate 2.0 

3 pL-BOH 15.2 
Succinate 17.2 
a-Ketoglutarate 0.0 
Pyruvate 0.0 
Citrate 0.0 

4 pL-BOH 10.6 
Choline 0.0 
Succinate 3.6 

5 pL-BOH 21.4 
a-Ketoglutarate* 0.0 
L-Malate 4.0 

6 pL-BOH 16.0 
L-Malate 0.0 
Fumarate 0.0 


* The test system was supplemented with 0.0007 m coenzyme A, 0.0012 m reduced 
glutathione, and 0.0024 m GDP. 


addition of IDP or GDP produced neither an increase nor a decrease in the 
P:0O ratio. 

Other experiments, to be described in a later report, clearly show that 
the failure of IDP, GDP, UDP, and CDP to act as P acceptors is not due to 
an extremely high rate of enzymatic hydrolysis of either the added diphos- 
phate or the corresponding triphosphate. 

Uncoupling of Phosphorylation by Inhibitors—In Table IV are presented 
the effects of addition of various substances known to inhibit oxidation and 
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Specificity of Phoaphate Acceptor 
The test system contained 0.01 BOH, 0.0024 m nucleoside 5’-diphosphates 
indicated, 0.0L mM P buffer, pH 6.0 (1.15 10% e.p.m. of and enzyme (130 y of N) 
in atotal volume of 83.0 ml. Incubated for 15 minutes at 23°. 


Experiment No.) Nucleoside 5‘’-diphosphate |Acetoacetate formed) P uptake 

pmole umole 
1 None 0).24 0.00 0.00 
ADP 0.59 0.92 1.56 
IDP 0.24 0.00 0.00 

GDP 0.23 0.00 0.00 

ADP + IDP 0.59 0.99 1.68 
“ + GDP 0.60 0.97 1.62 
2 None 0.17 0.00 0.00 

ADP 0.47 0.76 1.62 

UDP 0.17 0.00 0.00 

CDP 0.18 0.00 0.00 

ADP + UDP 0.49 0.94 1.92 

3 si 0.34 0.58 1.71 

‘* + CDP 0.30 0.65 2.17 

TABLE IV 


Effect of Inhibitors on Oxidation and Phosphorylation 
The test system contained 0.01 m pL-BOH, 0.0024 m ADP, 0.01 m P buffer (pH 6.0), 
and enzyme (140 to 200 y of N) in a total volume of 3.0 ml. Inhibitors added as 
indicated. Incubated for 15 minutes at 23°. 


Experiment Inhibitor AP | 
umole umole | 
1 None 0.22 0.58 2.64 
DNP (5 X 10-5 m) 0.22 0.00 0.00 | 
Pentachlorophenol (5 X 107-5 m) 0.22 0.00 0.00 
KCN (0.001 m) 0.00 0.00 0.00 
CaCl, (0.0025 m) 0.22 0.55 2.50 9 
2 None 0.39 0.68 1.74 | 
Antimycin A (0.05 y) 0.09 0.10 1.11 | . 
“(1.0 0.00 0.00 0.00 
3 None 0.41 0.72 1.76 
Gramicidin (20 y) 0.53 0.00 0.00 | 
4 None 0.32 0.46 1.44 
Dicumarol (1 X m) 0.31 0.19 0.61 
(5 10-8 **) 0.30 0.00 0.00 
Arsenate (0.03 m) 0.29 0.19 0.66 
5 None 0.34 0.58 1.71 
Methylene blue (5 X 10-4 m) 0.30 0.00 0.00 


N) 
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phosphorylation, As already mentioned, DNP is extremely active in un- 
coupling phosphorylation, as is pentachlorophenol (18). Cyanide, as ex- 
pected, blocked both oxidation and phosphorylation, presumably by com- 
bination with cytochrome aj, which the enzyme preparation is known to 
contain (see below). Similarly, antimycin A was found to block electron 
transport completely, and with it also the coupled phosphorylation, in 
agreement with findings in intact mitochondria that it interferes with re- 
duction of cytochrome c¢ (19). Gramicidin, Dicumarol (20), methylene 
blue, and arsenate also uncoupled phosphorylation. Dicumarol was ex- 
tremely effective; at 1 X 10~-° mM about 50 per cent uncoupling occurred. 


TABLE V 
Effect of pH on Oxidation and Phosphorylation 
The test system contained 0.01 m P (2.40 X 10% c.p.m. of P**), 0.01 m pL-BOH, 
0.0024 mw ADP, and enzyme (110 7 of N) in a total volume of 3.0 ml. Reaction media 
adjusted to pH values shown; little change occurred during reaction period of 15 
minutes at 23°. 


pH A acetoacetate AP , 
umole umole 

4.0 0.02 0.00 0.00 
5.0 0.08 0.02 0.25 
6.0 0.26 0.44 1.69 
7.0 0.28 0.44 1.57 
8.0 0.24 0.14 0.58 
9.0 0.17 0.08 0.47 


The significance of the uncoupling effect of Dicumarol is discussed in more 
detail in Paper III (7). 

It has already been pointed out that addition of Mg** causes uncoupling 
in the isolated enzyme complex, in contrast to the actual requirement for 
added Mg** shown by intact mitochondria. In Table IV it is seen that 
Cat+, a very potent uncoupling agent in intact mitochondria (15, 21), 
has virtually no effect on phosphorylation in the isolated enzyme prepara- 
tions. Indeed, concentrations as high as 0.01 m have not depressed the 
P:O ratio. The effects of Mg** and Ca* in the isolated enzyme prepara- 
tion are thus quite different from those observed in intact mitochondria. 

Other Significant Variables—Studies have been carried out on the effect 
of varying the reaction conditions. Perhaps the most significant findings 
relate to the effects of pH and orthophosphate concentrations. In Table 
V is shown the effect of varying pH. It is seen that the rate of oxidation 
of B-hydroxybutyrate has a rather broad maximum between pH 6.0 and 
8.0, most likely a resultant of the optimal pH values for the various mem- 
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bers of the respiratory chain. However, the ancillary phosphorylating 
enzymes appear to have a rather sharp maximum at pH 6.0 to 7.0; although 
phosphorylation still occurs at pil 5.0 and 9.0, the P:O ratios are quite 
low, 

The P:O ratio is also heavily dependent on the concentration of ortho- 
phosphate in the medium, Although phosphorylation occurs even at very 
low concentrations of orthophosphate (7.¢. 2 mM), the P:O ratio be- 
comes maximal at about O.OL mM phosphate and upward; half maximal val- 
ues are seen at 0.0001 M phosphate (Table VI). For this reason phosphate 
concentration was generally held at high levels (0.0L mM) in the various ex- 
periments, necessitating the use of a means of measuring uptake of phos- 


Tasie VI 
Effect of Phosphate Concentration 
The test system contained 0.01 Mm pL-BOH, 0.0024 Mm ADP, orthophosphate (pH 


6.0) in the concentrations indicated, labeled with 2.07 & 106° e.p.m. of P*, and en- 
zyme (11047 of N) ina total volume of 3.0 ml. Ineubated for 15 minutes at 23°. 


Phosphate concentration | A acetoacetate | AP 5 
M | pmole | pmole 
0.0001 | 0.22 0.19 0.86 
0.0005 | 0.25 0.25 1.00 
0.001 | 0.32 0.37 1.16 
0.005 0.37 0.61 1.65 
0.01 0.48 0.75 1.56 
0.025 0.48 0.76 1.58 
0.05 0.44 | 0.74 1.68 


phate independent of its concentration, such as the isotopic method used. 
When lower phosphate concentrations were employed, colorimetric meas- 
urement of phosphate disappearance was perfectly feasible; such measure- 
ments agreed exactly with those carried out with the isotope procedure. 
The rate of oxidation of BOH also increased with increase of concentration 
of phosphate. 

Study of the effect of varying the ADP concentration revealed that 
rather low concentrations, probably less than 5 X 10-4 M, sufficed to satu- 
rate the system. However, in order to maintain high capacity, concen- 
trations of 0.0024 mM were generally used. 

DPNH As Substrate—Since the p(— )-8-hydroxybutyrate dehydrogenase 
of these isolated mitochondrial enzyme systems is DPN-linked, it appeared 
possible to employ chemically reduced DPNH as substrate instead of 
BOH, as had been done in earlier experiments with intact mitochondria 
(22). Added DPNH was found to be rapidly oxidized at the expense of 
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oxygen by the isolated Preparation P-1 enzyme. However, measurement 
of the phosphate uptake revealed that the P:O ratios were always con- 
siderably lower than those in experiments with BOHL as substrate (see 
Table VIL). Another striking difference observed with DPNIL as sub- 
strate was the fact that its oxidation was only partially sensitive to anti- 
mycin A at concentrations which completely prevented oxidation of BOTH 
in an otherwise identical experimental system (‘Table [V). Since the al- 
ready low P:O ratio with DPNH (about 0.50) was not significantly de- 
creased in the presence of antimyein A, it appears that all the observed 
phosphorylation is coupled to passage of electrons from ferrocytochrome 


VII 
Added DPNH As Substrate 

The test system contained 0.01 Mm pL-BOH as indicated, 0.01 m P (pH 6.5, labeled 
with P*?), 0.0024 m ADP, and enzyme Preparation P-1 (50 to 60 y of N) in a total 
volume of 1.0 ml. When DPNH was used as substrate, a total of 230 mpmoles was 
added in six equal amounts over the total time interval, which was 8.4 minutes. 
Oxygen uptake was measured with the oxygen electrode. In Experiment 2 the test 

system also contained 1 X 10°‘ Mm cytochrome c. 


Substrate Antimycin A —AO2 —AP 6 
Y mmicroatoms mumoles 

1 DPNH 0.0 89.4 36.9 0.41 

1.0 48.6 16.3 0.34 

2 ™ 0.0 153 77.0 0.50 
1.0 125 57.0 0.46 

3 BOH 0.0 203 347 1.71 
DPNH 0.0 218 52.0 0.24 


c to oxygen (this step is not sensitive to antimycin A (7)) and none to elec- 
tron transport between DPNH and cytochrome c. From these findings 
and certain others in Papers II and III (6, 7) it appears probable that 
when added DPNH is used as substrate a large fraction of its oxidation 
by cytochrome c may occur by the non-phosphorylating, antimycin-in- 
sensitive, DPN-cytochrome reductase activity (23), which is known to be 
present in enzyme Preparations P-1 and P-2. Tentatively, it appears that 
the DPNH generated in situ from bound DPN by action of the B-hydroxy- 
butyrate dehydrogenase reduces cytochrome c preferentially and wholly 
via a phosphorylating pathway involving the antimycin-insensitive com- 
ponent. Further properties of added DPNH as reductant of cytochrome c 
are detailed in Paper II (6). 

Difference Spectrum of Respiratory Carriers—In order to determine the 
nature of the respiratory carriers participating in the phosphorylating elec- 
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tron transport, a difference spectrum was plotted. A system composed of 
enzyme, ADP, and phosphate, and exposed to oxygen (to keep the carriers 
in the oxidized state), was used as a “base-line” for the measurements, 
Against this “base-line” the spectrum of an enzymatically reduced system 
was determined. This system contained BOH, ADP, phosphate, and 
cyanide to prevent reoxidation of the carriers below cytochrome ay. The 
difference spectrum measured with a Beckman DU spectrophotometer 
equipped with a photomultiplier is seen in Big. 2. Tt may be noted that 
typical peaks and depressions were observed (21) corresponding to the re. 
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Kia. 2. Difference spectrum of enzyme complex. The optical density at different 
wave-lengths of a cuvette containing 0.01 m BOH, 0.005 m ADP, 0.01 Mm P (ptt 6.5), 
0.005 mM KCN, and Preparation P-2 enzyme complex (250 y of total N) in a total vol- 
ume of 1.0 ml. (representing the reduced enzyme complex) was read against a ‘‘blank”’ 
cuvette containing the same medium without BOH and cyanide (representing the 
oxidized complex). The roman numerals indicate the peaks or depressions cor- 
responding to the reduced forms of the carriers as follows: 1, y-peak of cytochrome c; 
II, y-peak of cytochrome a and the cyanide complex of cytochrome a;; III, reduced 
flavoprotein; IV, 8-peak of reduced cytochromes b and c; V, a-peak of reduced cyto- 
chrome c; VI, a-peak of reduced cytochrome a and the cyanide complex of cyto- 
chrome a;. 


duced forms of flavoprotein, cytochrome c, cytochrome a, and to the cya- 
nide complex of cytochrome a3. The difference spectrum in Fig. 2 does 
not show the unequivocal presence of a peak corresponding to reduced 
cytochrome b (24). However, such a peak has been clearly identified in 
difference spectra measured in the presence of antimycin A. There were 
no absorption peaks or depressions in the visible range not accounted for 
by known respiratory carriers. Non-enzymatic reduction with dithionite 
yielded essentially identical difference spectra. 

Similar studies indicate that an absorption peak corresponding to re- 
duced DPN is also formed during reduction of the carriers by BOH. Since 
the position of this peak is anomalous, it is being studied in greater detail. 

Recovery and Absolute Activity of Enzyme Complex—In a typical prepara- 
tion of the enzyme complex the washed mitochondria from 60.0 gm. of 
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fresh rat liver, containing 120 mg. of total N, yielded a total of 3.1 mg. of 
total N as Preparation P-1 and 2.7 mg. of total N as Preparation P-2. 
The total recovery of N from the starting mitochondria is thus only 4.8 
per cent. 

The recovery of 8-hydroxybutyrate oxidase” activity (assayed mano- 
metrically with pL-BOHL as substrate in the presence of P and ADP, but 
without addition of either DPN or eytochrome ¢) in the combined Prepa- 
rations Pel and P-2 is approximately 20 per cent of that present in the 
mitochondria, ‘The estimation of activity of this multienzyine sequence 
in, OF course, Only a measure of the rate-limiting step, which has not been 
Wlentihed with certamty but i beheved to be cytochrome ‘The re 
covery OF phosphorylation activity has been approximated by comparing 
the phosphate uptake coupled to the oxidation of ascorbate im Preparations 
Poland (Paper TID) with the phosphate uptake im intact mitochondria 
under optimal conditions. Such measurements indicate that as much as 
25 per cent of the phosphorylating activity of intact mitochondria may be 
recovered in Preparations P-1l and P-2. However, since the mechanism of 
the coupling process and the fraction of the total phosphorylating potential 
being utilized are unknown, such assays are, of course, subject to consider- 
able uncertainty. 

From the foregoing it is evident that Preparations P-1 and P-2 are con- 
siderably more active than intact mitochondria on a weight basis. The 
Qo, (microliters of oxygen uptake per mg. dry weight per hour at 37°) 
for the oxidation of BOH by intact mitochondria is about 10 to 15; for 
Preparations P-1 and P-2 Qo, is about 50 to 70. 

Other Properties of Enzyme Complex—The isolated multienzyme Prepa- 
rations P-1 and P-2 contained considerable digitonin, about 40 per cent, as 
revealed by measurement of the nitrogen content of dried samples, assum- 
ing that the protein moiety contained 16 per cent N. On the basis of 
digitonin-free dry weight, the total lipide content was found to be about 
23 per cent, almost all of which was phospholipide (calculated as lecithin). 
The distribution of phosphorus in pooled Preparations P-1 and P-2 was 
determined (Table VIII). It is seen that some 84 per cent of the total 
phosphorus is extractable with alcohol-ether mixtures and is probably 
phospholipide. <A significant annount of nucleic acid phosphorus was also 
found. Spectrophotometric examination of this fraction revealed that the 
phosphorus was satisfactorily accounted for by approximately equivalent 
amounts of materials absorbing at 260 to 270 muy, assuming a “normal” 
distribution of purine and pyrimidine nucleotides. The preparations con- 
tained considerable phosphorus with properties corresponding to those of 
the phosphorus of phosphoprotein; existence of such a fraction in mito- 
chondria is already known (25). 
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The enzyme preparations were subjected to ultracentrifugal analysis. 
When suspended in distilled H2O or 0.15 m KCl, Preparation P-1 showed 
an average sedimentation constant of s29 = 220 X 10", corresponding to a 
particle weight of about 50,000,000 if the usual assumptions of spherical 
shape, specific gravity, etc., are made. The preparations were polydis- 
perse, as judged by spreading of the boundary with time. Particles of this 
magnitude represent about 1/3000 of the particle weight of an intact rat 
liver mitochondrion. However, because of the high content of digitonin 
of the preparations and other factors, these values can only be regarded 
as gross approximations. 

Although the preceding calculations were predicted on spherical shape, 
preliminary measurements of light scattering indicate asymmetry.‘ Elee- 


VIII 
Phosphorus Content of Enzyme Preparation 


Determined on pooled Preparations and 


fer 
Acid soluble 1.0 1.0 
inorganic phosphate 0.67 0.6 
Phospholipide 82.4 84.0 
Nucleic acid... 12. 12.8 
“Phosphoprotein’. . 2.2 2.2 


tron micrographs of shadowed preparations indicate the presence of small, 
uniform particles arranged in various degrees of agglutination. 


DISCUSSION 


The enzyme preparations described in this paper have provided great 
advantages over intact mitochondria in studies of the mechanisms of elec- 
tron transport and oxidative phosphorylation being carried out in this 
laboratory. Although the preparations are still highly organized in both 
the functional and the structural sense, they are not merely fragmented 
mitochondria which retain a full complement of mitochondrial enzymes. 
The digitonin treatment has evidently preserved the electron transport 
chain and associated phosphorylation mechanisms but has caused com- 
plete loss of the organized Krebs cycle and fatty acid cycle activity. 

It is striking that only digitonin treatment yielded extracts retaining 
some phosphorylating activity. Extracts of mitochondria obtained by 
vibration, exposure to butanol-water mixtures (26), drying with acetone, 


‘ Unpublished observations, Dr. J. L. Gamble, Jr. 
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exposure to hypotonic media, grinding, and treatment with cholate or 
deoxycholate (27) were found to be totally inactive. In this survey the 
criterion of “solubility” was retention of activity in the supernatant layer 
after centrifugation at 25,000 X g for 25 minutes. Digitonin has already 
been employed with considerable success in dissociating lipoprotein struc- 
tures, as in the case of retinal enzymes (28) and cell nuclei (29), and is be- 
lieved to exert its dispersing effect through its ability to react with certain 
sterols to form digitonides. It appears significant that mitochondria con- 
tain considerable lipide (30), some of which is apparently located in the 
membrane or cristae (31). Considerable lipide is present in particulate 
succinoxidase preparations (32); it has been found that enzymatic activity 
is to some extent dependent on the integrity of lipide components in such 
preparations (33). 

The properties of the isolated enzyme system suggest very strongly that 
oxidative phosphorylation, as it occurs in intact mitochondria, is subject 
to some measure of control exerted by the properties of the highly differen- 
tinted ultrastructure of the mitochondrion, including the semipermeable 
membrane, For instance, the ratio in itaet mitochondria im maximal 
at certain levels of osmolarity of the reaction medium (34, 35). How. 
ever, such dependence on osmolarity was not observed with Preparation 
P-1; in fact the P:O ratio was depressed on addition of even low con- 
centrations of NaCl, KCI, or sucrose, Furthermore, intact mitochondria 
require addition of Mgt for maximal P:O ratios; the isolated enzyme re- 
quires no addition of Mgt*. Cat? is a very potent uncoupling agent in 
intact mitochondria (15, 21). However, Cat? does not uncouple phosphor- 
ylation even in quite high concentrations in the isolated enzyme. These 
findings indicate that the uncoupling action of Ca*+ in intaet mitochon- 
dria is an indirect one, mediated through some aspect of the structural 
organization of the mitochondrion; in support of this view is the finding 
that Ca** causes swelling of mitochondria under certain conditions.’ Also 
pertinent is the finding that the isolated enzyme system is not adversely 
affected by incubation in orthophosphate, a treatment which inactivates 
phosphorylation in intact mitochondria (16). The restorative action of 
Mnt (21, 36) on mitochondria inactivated by Cat+ or orthophosphate 
may also be a matter of an effect on mitochondrial structure rather than 
on the phosphorylating enzymes per se. These findings suggest that 
other uncoupling factors may also act indirectly via effects on structural 
features; the action of certain hormones, particularly thyroid hormones, 
is now being examined. 

Although a number of multienzyme preparations apparently derived 
from mitochondria have been reported in the past to oxidize succinate or 


®’ Unpublished observations, Dr. D. F. Tapley. 
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DPNH, little or no coupled phosphorylation has been observed with such 
preparations. Green et al. reported slight phosphorylation accompanying 
oxidation of succinate by a particulate system in 1951 (37); however, no 
further work on these preparations has been reported. The “DPNH oxi- 
dase” preparations more recently described by Huennekens e¢ al. (38) and 
by Green et al. (39) have not been reported to have any properties suggest- 
ing existence of coupled phosphorylation. It is probable that these prepa- 
rations represent complexes of the electron transport factors from which 
the normally associated phosphorylating enzymes have been lost through 
the conditions of the isolation procedure. In a brief note Martius (40) 
has described a “vitamin K, reductase” system which requires both phos- 
phate and ADP for activity; it is suggested that this is reoxidized by cyto- 
chrome b. Raw (41) has recently reported occurrence of phosphate trans- 
fers in a complex system containing, in addition to a number of other 
enzyme preparations, a digitonin extract of mitochondria. ‘The dependence 
of the reaction described by Raw on inosine triphosphate indicates that 
the reaction may not be the same as that reported in this paper, in view of 
our finding that ADP is the specific phosphate acceptor. 

It. is still not clear whether the DNP-insensitive phosphorylative changes 
observed by Pinchot (42) in Alecaligenes faecalis extracts associated with 
oxidation of ethanol represent phosphorylation linked to the respiratory 
chain. Recently, however, Brodie and Gray (43) have observed DNP- 
sensitive phosphorylation in extracts of another microorganism, AM ycobac- 
lerium phlet. 


The authors are greatly indebted to Nancy Buseman for skillful) and 
efficient technical assistance, to Thomas M. Devlin for measuring the dif- 
ference spectra, to Albert Mildvan for the measurements with the oxygen 
electrode, to Herbert J. Rapp for assistance in determination of sedimen- 
tation rates, and to Dr. Gerhardt Hutz for electron micrographs. 


SUMMARY 


From digitonin extracts of rat liver mitochondria a multienzyme com- 
plex of relatively low particle weight has been separated. Such prepara- 
tions catalyze the oxidation of p(—)-8-hydroxybutyrate to acetoacetate 
via the cytochrome system. The oxidation is accompanied by coupled 
phosphorylation of adenosine diphosphate to yield adenosine triphosphate. 
P:0O ratios as high as 2.8 have been observed; most values lay between 1.5 
and 2.4. The 5’-diphosphates of inosine, uridine, cytidine, thymidine, and 
guanosine are essentially inactive as phosphate acceptors. The phos- 
phorylation is uncoupled by 2 ,4-dinitrophenol, gramicidin, methylene blue, 
Dicumarol, arsenate, and pentachlorophenol, but is not affected by Cat*. 
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The preparations oxidize only B-hydroxybutyrate and succinate at signifi- 
cant rates, among a number of metabolic intermediates examined. When 
chemically reduced diphosphopyridine nucleotide was added as substrate, 
oxidation ensued, but the P:O ratios were very low compared to those ob- 
served with 8-hydroxybutyrate as substrate. The enzyme complex con- 
tains flavin nucleotides and cytochromes c, a, a3; it is also rich in phospho- 
lipide. These multienzyme preparations provide a much more direct 
approach to the study of the enzymatic mechanisms of oxidative phosphor- 
ylation than is possible with intact mitochondria. 
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OXIDATIVE PHOSPHORYLATION BY AN ENZYME COMPLEX 
FROM EXTRACTS OF MITOCHONDRIA 


Il. THE SPAN B-HYDROXYBUTYRATE TO CYTOCHROME c* 


By THOMAS M. DEVLINf ann ALBERT L. LEHNINGER 


(From the Department of Physiological Chemistry, School of Medicine, The Johns 
Hopkins University, Baltimore, Maryland) 


(Received for publication, August 1, 1955) 


Paper I described the preparation of a multienzyme complex from mito- 
chondrial extracts capable of catalyzing oxidative phosphorylation (1). 
It was shown that the DPN!-linked oxidation of 8-hydroxybutyrate to 
acetoacetate by molecular oxygen was accompanied by coupled phos- 
phorylation. Since the loci of the phosphorylating mechanisms along the 
respiratory chain represent a matter of some interest, studies on the gross 
localization of the phosphorylating sites have been carried out. In this 
paper evidence for coupling of phosphorylation to electron transport be- 
tween 8-hydroxybutyrate and cytochrome c (2) in these enzyme prepara- 
tions is summarized. A preliminary communication concerning some of 


this work has been published (3). 


Methods 


The preparation of the phosphorylating fractions from digitonin extracts 
of rat liver mitochondria has already been described in detail (1); in most 
of the experiments here recorded the fraction designated as Preparation 
P-2 has been employed, although Preparation P-1 shows identical proper- 
ties. Measurement of phosphorylation was carried out by the isotopic 
method already described (1, 4). To follow the course of reduction of 
cytochrome c, DPN, and ferricyanide, a sensitive recording spectrophotom- 
eter designed in this laboratory was employed (5). Measurements were 
made at 550 my for ferrocytochrome c, at 420 my for ferrocyanide, and at 
340 my for DPNH,; the slit width employed was 0.05 to 0.10 mm. in meas- 
urements at 550 and 420 muy and slightly larger at 340 my. The reactions 
were carried out in cuvettes of 1.0 cm. optical path; temperature was not 
closely controlled but was in the range 23-26° over the course of the short 
reaction periods (0.5 to 10 minutes). 


* Supported in part by grants from the National Institutes of Health and the 
Nutrition Foundation, Inc. 

t Predoctoral Fellow of the National Science Foundation. } 

1 For abbreviations, see Paper I. 
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EXPERIMENTAL 


Reaction Components for Coupled Phosphorylation—In preliminary ex- 
periments with enzyme Preparation P-2 (1) it was found that the enzymatic 
reduction of added ferricytochrome c by BOH (in the presence of KCN to 
block reoxidation of ferrocytochrome c via cytochrome a3) occurred quite 
rapidly and was accompanied by phosphorylation of ADP. The P:2e 
ratios? (P:2e = AP:3AFe!! cyt c) in such experiments were found, however, 
to be rather variable. Further investigation revealed that, if the Fe'™ 
cyt c were titrated into the medium in small increments (7.e. 5 to 10 my- 
moles per ml. of reaction medium), then the reduction was accompanied 
by much more efficient phosphorylation, with P:2e ratios rather consist- 
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Fig. 1. Stepwise reduction of ferricytochrome c. The test system contained 0.01 
M DL-BOH, 0.0024 m ADP, 0.005 m P (pH 6.5, labeled with P*?), 0.0005 m KCN, and 
enzyme (60 y of total N). The curve is redrawn from an actual tracing. The addi- 
tions of ferricytochrome c are indicated by arrows. Before each addition of cyto- 
chrome c the instrument was reset to zero optical density. The vertical lines indicate 
these adjustments. The slope of the tangent to the first curve was used in calcu- 
lating the initial rate of reduction of cytochrome c. 


6) 


ently near 1.0. In subsequent experiments, therefore, the addition of large 
amounts of Fe" cyt c to the test system in a single step was avoided; 
smaller total amounts of Fe"! cyt c were added as acceptor (7.e. 50 my- 
moles per ml. of reaction medium) and the addition was made in five to 
ten steps. Monitoring of the titration and recording of rates of reduction 
were carried out with the aid of a recording spectrophotometer. <A tran- 
scription of a recording from a typical experiment is shown in Fig. 1, in 
which a total of 42.8 mumoles of Fe"! cyt c was reduced by BOH in a total 
of five steps. Although the complete titration required in this case 7.5 
minutes, the true initial rate of reduction occurring immediately after 
addition of each increment of cytochrome c could be extrapolated from the 
initial portion of the reaction curve, as shown in Fig. 1. The initial rates 


2 P:2e is defined as moles of P uptake per pair of electron equivalents trans- 
ferred, regardless of the nature of the electron acceptor. The expression is thus 
equivalent to P:O when oxygen is used as the acceptor. 
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of reduction so determined were essentially independent of the concentra- 
tion of Fe"! cyt c. In all the experiments summarized in Tables I to VIII, 
stepwise titrations were used and values for both the total amount of cyto- 
chrome c reduced and the initial rate of reduction are recorded, as well as 
the total phosphate uptake. ‘To avoid significant dilution and change in 
the concentrations of reaction components during these stepwise titrations, 


TABLE I 
Phosphorylation Coupled to Reduction of Cytochrome c by BOH 


The reaction system contained 0.01 m pL-BOH, 0.0024 m ADP, 0.005 m P (pH 6.5, 
labeled with 0.8 to 1.4 XK 10° e.p.m. of P*?), 0.0005 m KCN, and enzyme (50 to 60 y of 


total N). The cytochrome c was titrated into the reaction cuvette as explained in 
the text. Final volume 1.0ml. DNP, when present, 5 K 1075 M. 
Experi- : Initial rate of P 
ment Addition or omission reduction of | AFe!! cyt c —AP — 
No. cytochrome c 2e 
mumoles myumoles 
1 Complete system 17.8 42.9 16.8 0.78 
Minus BOH 0.0 0.0 0.0 
eytochrome c 0.0 0.6 
‘* Preparation P-2 0.0 0.0 0.3 
‘¢ phosphate 13.1 42.9 
« A 14.1 44.0 0.3 0.01 
2 Complete system 20.9 42.5 20.7 0.98 
Minus BOH 0.0 0.0 0.6 
+DNP 36.9 42.5 0.6 0.03 
3 Complete system 12.0 42.0 21.2 1.01 
Minus ADP 8.0 44.2 1.0 0.04 
+DNP 16.6 42.0 0.0 0.00 
Minus ADP, +DNP 15.7 44.2 0.0 0.00 
4 Complete system 19.1 41.8 22.6 1.08 
+DNP 25.2 42.6 0.8 0.04 
5 Complete system 20.4 46.4 23.4 1.01 
+0.005 m MgCl, 16.5 40.0 8.4 0.42 


the total amount of Fe" cyt c used was added in about 5 per cent of the 
final volume of the reaction medium. Cyanide (0.0005 mM) was always 
present to prevent reoxidation of Fe™ cyt c; in the concenfrations used it 
did not uncouple phosphorylation. The P:2e ratio did not change signifi- 
cantly in the reaction periods used. 

In Table I are presented some data from typical experiments illustrating 
the rdle of various reaction components. It is seen that in the absence of 


BOH there is no detectable reduction of cytochrome c or phosphorylation 
of ADP, indicating absence of endogenous substrates and phosphorylating 
activity. 


In the absence of the electron acceptor (Fe™! cyt c) no phos- 
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phorylation occurred. When only ADP was omitted, no phosphate up- 
take occurred. The phosphorylation was completely uncoupled by DNP. 
As was observed for the over-all span BOH to O, (1), addition of Mg*+ was 
unnecessary for phosphorylation and, in fact, uncoupled somewhat. Simi- 
larly, addition of isotonic KCI] or sucrose was found unnecessary for dem- 
onstration of maximal phosphorylation. 

In a large series of such experiments the P:2e ratios observed for the 
complete system lay between 0.8 and 1.1. Earlier work with intact mito- 


TaBLeE II 
Specificity of Phosphate Acceptor 
The reaction system contained 0.01 m pL-BOH, 0.0024 m nucleoside 5’-diphos- 
phate as indicated, 0.005 m P (pH 6.5, labeled with P*?), 0.0005 m KCN, and enzyme 
(50 y of total N). With the additions of cytochrome c the total volume was 1.0 ml. 


Experi- Initial rate of P 
Acceptor AFe** cyt c AP 
mumoles mpmoles 
1 None 18.8 40.4 0.9 0.04 
ADP 21.5 40.5 ‘15.8 0.78 
2 None 19.0 40.4 1.0 0.05 
ADP 22.8 40.4 16.5 0.82 
GDP 16.6 42.0 1.7 0.08 
CDP 25.9 39.3 1.8 0.09 
UDP 19.3 40.5 0.2 0.01 
ADP + GDP 20.5 38 .6 19.7 1.02 
‘ + CDP 26.9 38 .6 18.0 0.93 
‘* + UDP 23.5 38 .6 18.1 0.94 
3 sas 23.4 39.7 15.3 0.77 
IDP 13.5 38.3 0.7 0.04 
ADP + IDP 24.6 38.3 14.3 0.75 


chondria has indicated that the true value for the span BOH to cytochrome 
c is probably 2.0 (2). Possible causes of this deficiency are being investi- 
gated. 

The inorganic phosphate disappearing during reduction of cytochrome c 
by BOH may be recovered quantitatively as newly labeled ATP (Paper I 
(1)). In a typical experiment 3.36 X 10‘ c.p.m. of inorganic P*® were 
taken up; 3.09 < 104 c.p.m. of P* were recovered in the ATP eluates and 
< 1000 ¢.p.m. in the ADP eluates. 

Specificity of Phosphate Acceptor—The data summarized in Table II 
show that only ADP of the various nucleoside 5’-diphosphates tested was 
significantly active as phosphate acceptor in the span BOH to cytochrome 
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c, in agreement with the properties of the over-all system already de- 
scribed (1). Data to be reported later demonstrate that failure of IDP, 
UDP, CDP, and GDP to act as acceptors is not caused by extremely high 
rates of hydrolysis of these diphosphates or the corresponding triphos- 
phates by enzyme Preparation P-2. 


TABLE III 
Effect of Inhibitors on Phosphorylation 


The reaction system contained 0.01 m pL-BOH, 0.0024 m ADP, 0.005 m P (pH 6.5, 
labeled with P*%), 0.0005 m KCN, enzyme (50 to 60 y of total N), and additions of 
cytochrome ¢c shown. Total volume 1.0 ml. 


Initial rate 
No. chrome ¢ 
mumoles mumoles 
1 None 23.4 42.5 20.7 0.97 
5 X 10°5'm DNP 36.9 42.5 0.6 0.03 
20 y gramicidin 36.9 42.5 1.2 0.06 
5 X 10°° m Dicumarol 43.0 42.0 3.0 0.14 
0.01 m CaCl, 29.5 42.5 23.0 1.08 
0.001 32.4 42.5 20.5 0.97 
2 None 18.4 41.7 20.5 0.98 
5 X 10°5'm DNP 22.0 42.2 0.0 0.00 
3 X 10-5 ** Dicumarol 27.4 41.4 0.68 0.03 
1 10°5 28.0 41.4 0.64 0.03 
3 * = 26.0 43.0 3.21 0.15 
1 10-8 23.0 42.2 9.16 0.43 
3X 10°77 21.0 43.6 15.7 0.72 
5 X 10-5 ‘* pentachlorophenol 23.8 43.4 0.0 0.00 
5 X 10°8 * 32.0 43.4 0.0 0.00 
3 None 18.0 46.5 23.1 0.99 
5 DNP 26.5 46.5 1.2 0.05 
1.0 y antimycin A 0.0 0.0 0.4 0.00 


Although IDP, UDP, CDP, and GDP were virtually inactive as P ac- 
ceptors tested alone, GDP, when added to the test system along with ADP, 
increased the P:2e ratio slightly. The data also indicate that CDP sig- 
nificantly increased the rate of reduction of cytochrome c. These effects 
are being studied further. 

Inhibition of Phosphorylation and Oxidation—The phosphorylation was 
completely uncoupled from electron transport by DNP, gramicidin, Di- 
cumarol, and pentachlorophenol (see Table III). In most systems of 
Preparation P-2 the uncoupling action was accompanied by a stimulation 
of the rate of reduction of cytochrome c. Table IIT also shows the results 
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of varying Dicumarol concentration on the uncoupling of phosphorylation; 
at 1 & 10-§m Dicumarol approximately 50 per cent uncoupling is observed. 
The significance of uncoupling by Dicumarol is noted in Paper IIT (6). 
Cat in concentrations as high as 0.01 m did not uncouple phosphoryla- 
tion. Antimycin A completely blocked both reduction and phosphoryla- 
tion of cytochrome c, in agreement with data on intact mitochondria (2, 7). 
Effect of Added DPN* and DPNH—In examining the possible cofactor 
requirements for the reduction of cytochrome c by BOH, DPN*+ was added 


TABLE IV 
Effect of DPN* on Reduction of Cytochrome c and Phosphorylation 


The reaction system contained 0.01 m pL-BOH, 0.0024 m ADP, 0.005 m P (pH 6.5, 
labeled with P*?), 0.0005 m KCN, enzyme (50 to 60 y of total N), and cytochrome 
and DPN? additions as shown. Final volume 1.0 ml. 


Experiment No. DPN*t AFe!! cyt —AP 
a myumoles myumoles 
1 0 25.6 96.0 44.4 0.92 
1 xX 10°77 26.2 96.0 44.6 0.93 
1 x 10°6 27.8 96.0 35.0 0.73 
1 xX 10°5 33.9 98.0 21.2 0.43 
1 xX 10 4 41.0 100.0 10.4 0.21 
2 0 20.0 42.9 16.8 0.78 
1 xX 10°6 21.0 43.4 17.2 0.79 
1x 10°5 22.2 43.4 17.2 0.79 
1 xX 104 29.7 43.4 13.2 0.61 
1 xX 10°% 82.0 44.0 2.4 0.11 
3 0 8.8 39.0 15.2 0.78 
5 xX 27.0 44.6 4.5 0.20 


to the test system in the expectation it might be a rate-limiting factor in 
reduction of cytochrome c. It was, in fact, found that the addition of 
DPN? significantly increased the rate of reduction of cytochrome c (see 
Table IV), an effect which was dependent on the concentration of added 
DPN+. However, the surprising finding was made that the P:2e ratio 
decreased with increasing DPN* concentration (8). The decrease in P:2e 
ratio was a reflection of both an increase in rate of reduction of cytochrome 
c and a decrease in the absolute amount of phosphate taken up. The data 
shown in Table V demonstrate that antimycin A did not completely in- 
hibit reduction of cytochrome c when DPN+t was added to the system; 
when no DPN?t was added, antimycin A completely blocked reduction of 
cytochrome c by BOH. These findings suggested that the lowering of the 
P:2e ratio by DPN+ does not occur solely through an uncoupling action of 
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DPNt, such as is given by 2,4-dinitrophenol, for instance, but may be a 
reflection of the properties of an alternative pathway for electron transfer 
which is not sensitive to antimycin A. 

These effects were examined more closely. It was found that BOH 
rapidly reduced added DPN* when tested in the presence of cyanide to 
prevent reoxidation of DPNH via cytochrome oxidase. The data in Ta- 
ble VI thus show that the preparations contain DPN-linked p(—)-6-hy- 
droxybutyrate dehydrogenase (9) which is capable of reaction with added 
DPN+t+. The absorption spectrum of the DPNH so formed showed a nor- 
mal peak at 340 my; there were no anomalies. The data also show that 


TABLE V 
Effect of Antimycin A and DPN* on Reduction of Cytochrome c 
The test system contained 0.01 m pL-BOH, 0.0024 m ADP, 0.005 m P (pH 6.5, 
labeled with P#?), 0.0005 m KCN, and enzyme (50 to 60 y of total N). Final volume 
1.0 ml. 


| pene | | | | 
m X myumoles mumoles 
1 0 0.0 32.0 48.0 19.2 0.80 
0 0.1 0.9 6.2 0.0 0.00 
2 0.0 52.0 50.0 3.3 0.13 
2 0.1 19.0 49.4 0.3 0.01 
2 0 0.0 23.5 48.0 22.2 0.92 
0 1.0 0.0 0.0 0.0 0.00 
1 0.0 31.5 50.0 5.0 0.20 
1 1.0 9.1 50.0 0.0 0.00 


reduction of added DPN* in this manner was accompanied by essentially 
no phosphorylation. 

The reduction of cytochrome c by chemically prepared DPNH was then 
studied (Table VII). This reaction usually proceeds at a higher rate than 
reduction by BOH (5 to 10 times as fast); however, it is much less sensitive 
to antimycin A and little or no coupled phosphorylation occurs. 

In view of these observations, the uncoupling action of added DPN*+ on 
the span BOH to cytochrome c could conceivably have its cause in the 
formation of free DPNH from BOH and added DPN? and the reoxidation 
of the free or unbound DPNH by a pathway which is non-phosphorylating. 
This explanation would thus coincide with the finding already described 
(1) that added DPNH is readily oxidized by oxygen by enzyme Prepara- 
tion P-1 but with relatively low P:2e ratios. 

To summarize, the mitochondrial enzyme Preparation P-2 appears ca- 
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pable of catalyzing two pathways for the reduction of cytochrome c; one 
operates through the 6-hydroxybutyric dehydrogenase of the enzyme com- 
plex and the bound DPN? present in the complex. This pathway is com- 


TABLE VI 
DPN* and Cytochrome c As Electron Acceptors 
The reaction system contained 0.01 Mm pL-BOH, 0.0024 m ADP, 0.005 m P (pH 6.5, 
labeled with P*?), 0.0005 m KCN, and enzyme (60 y of total N). Final volume 1.0 


ml. The reduction of DPN* was followed at 340 my and cytochrome c at 550 mu. 


Acceptor be —A acceptor —AP 
mumoles mpmoles 
1 Fell! cyt c 21.6 43.5 21.7 1.00 
DPNt 31.0 64.5 1.3 0.02 
32.0 63.9 1.1 0.02 
2 Fe!!! cyt c 32.0 48.0 19.2 0.80 
DPN* 29.8 61.5 1.1 0.02 
30.6 58.2 0.4 0.01 
TABLE VII 


The test system contained 0.0024 m ADP, 0.005 m P (pH 6.5, labeled with P*), 
0.0005 m KCN, enzyme (50 y of total N), and cytochrome c. 


Comparison of BOH and DPNH As Substrates 


0.0001 am DPNH as indicated. Total volume 1.0 ml. 


0.01 m pL-BOH or 


Experi- Initial P 
ment Substrate Inhibitor rate of |AFe!! cytc —~AP 
No. reduction 2e 

mumoles 
1 BOH None 21.6 43.5 21.7 1.00 
5 X mum DNP 28.0 43.8 0.0 0.00 
DPNH None 150.0 43.8 1.5 0.07 
5 X DNP 150.0 43.8 0.0 0.00 
2 BOH None 32.0 48.0 21.2 0.88 
és 0.1 y antimycin A 0.9 3.2 0.0 0.00 
DPNH None 31.4 50.5 0.9 0.04 
” 0.1 y antimycin A 27.8 50.2 0.0 0.00 


pletely blocked by antimycin A and is phosphorylating. The second path- 
way intervenes either when free DPNH is added as a reductant or when it 
is formed from free DPN+ added to the medium. This pathway is less 
sensitive to antimycin A and is accompanied by little or no phosphoryla- 
tion; presumably it is caused by the presence of DPN-cytochrome c re- 
Presumably added DPNH is pref- 


ductase (10) in the enzyme complex. 
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erentially oxidized via this non-phosphorylating pathway, whereas bound 
DPNH generated by action of the dehydrogenase on bound DPN? is oxi- 
dized by the phosphorylating pathway. 

Other Electron Acceptors—Cytochrome c may be replaced as electron ac- 
ceptor by ferricyanide (Table VIII). In this case the rate of reduction by 
BOH is comparable to that when cytochrome c is acceptor. The P:2e 
ratio observed, about 1.0, is exactly that seen with cytochrome c as ac- 
ceptor. Furthermore, the reduction of ferricyanide by BOH is completely 


TaBLeE VIII 
Comparison of Electron Acceptors 


The test system contained 0.01 m pL-BOH, 0.0024 m ADP, 0.005 m P (pH 6.5, 
labeled with P*?), 0.0005 m KCN, enzyme (50 to 60 y of total N), and acceptors as 
indicated. Final volume 1.0 ml. 


Acceptor Inhibitor —Aacceptor) —AP 
No. 2e 
mumoles myumoles 
1 cyt c None 43.6 19.5 0.89 
5 X m DNP 43.6 0.0 0.00 
K,Fe(CN).¢ None 200.0 81.0 0.81 
5 X DNP 200.0 0.0 0.00 
2 cyt c None 58 .0 29.7 1.02 
1.0 y antimycin A 0.0 0.2 0.00 
K,yFe(CN). None 300.0 | 144.0 0.96 
” 1.0 y antimycin A 0.0 0.1 0.00 
0.1 0.0 0.1 0.00 
3 Fel!l eytc None 42.0 22.3 1.06 
K,Fe(CN)¢ 200 .0 84.0 0.84 
es 0.1 y antimycin A 0.0 1.3 0.00 
2,6-Dichlorophenol- None 440.0 1.0 0.00 
indophenol 


blocked by antimycin A. It is probable, therefore, that ferricyanide is 
accepting electrons either from cytochrome c or from the same carrier with 
which cytochrome c reacts. These findings thus resemble those observed 
for intact mitochondria by Pressman (8). Although 2 ,6-dichlorophenol- 
indophenol was rapidly reduced, absolutely no phosphorylation could be 
detected. 


DISCUSSION 


The isolated mitochondrial enzyme complexes, Preparations P-1 and 
P-2, clearly offer more accessible approaches than do intact mitochondria 
to detailed study of the two phosphorylations which research on intact 
mitochondria (2) has demonstrated to occur between the primary dehy- 
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drogenase and cytochrome c. Although the isolated enzyme complex has 
yielded P:2e ratios for this span no higher than 1.0, it is probable that this 
deficiency represents a partial failure of the coupling mechanisms under 
our experimental conditions rather than a fundamental difference in the 
sequence of carriers and sites of phosphorylation between intact mitochon- 
dria and the isolated enzyme complex. The average P:2e ratio of 1.0 
may represent at one extreme two phosphorylation sites operating at half 
efficiency or at the other extreme one site at full efficiency with complete 
failure of the second. 

It is quite evident that some difficulties may be expected in further ex- 
amination of this segment of the respiratory chain. It is clear, for in- 
stance, that the isolated multienzyme particles still represent a highly 
integrated and organized unit in which the bound dehydrogenase and 
bound DPN are so situated as to react with the following carriers in the 
respiratory chain in a manner producing coupled phosphorylation. As 
shown by the data presented, preliminary attempts to simplify the experi- 
mental approach by replacing the substrate-dehydrogenase-DPN+t system 
with chemically prepared DPNH have resulted in reaction systems in 
which the DPNH was readily oxidized by cytochrome c or by oxygen (1), 
but in which a large part of the coupled phosphorylation observed with 
BOH as substrate is missing. This failure may be caused by the presence 
of adventitious, non-phosphorylating DPN-cytochrome c reductase (10) 
which may be a “‘dislocated’”’? member of the normal phosphorylating re- 
spiratory chain, lacking functional connection with some other carrier 
normally preceding cytochrome c, or which originated as a contaminant 
from microsomes, which are rich in this enzyme (11) and which are known 
to adhere to isolated mitochondria (12). In support of this view is the 
finding that this antimycin-insensitive reductase can be removed from 
Preparations P-1 and P-2 by washing with dilute digitonin solutions. On 
the other hand, it is also possible that added DPNH does not exchange 
readily with the bound DPNH present in the organized enzyme complex. 
In addition, it must be recognized that DPNH prepared chemically may 
not be the same chemical species as the enzymatically reduced nucleotide, 
as it is formed in phosphorylating oxidation (13). 

It is a curious discrepancy that chemically prepared DPNH is readily 
oxidized by molecular oxygen in intact mitochondria with P:O ratios as 
high as 2.6 (13-15), whereas little or no phosphorylation occurs in the 
isolated enzyme complex here described. It is conceivable that intact 
mitochondria may catalyze transhydrogenation between free and bound 
DPN and that this activity may not be present in the isolated enzyme 
complex. | 

Other difficulties stand in the way of further dissection of the system. 
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The most troublesome is lack of exact knowledge of the nature and se- 
quence of the electron carriers in the phosphorylating respiratory chain be- 
tween DPN and cytochrome c. Spectroscopic and kinetic data obtained 
by Chance and Williams (16) are in accord with the view that cytochrome 
b is a member of the respiratory chain in intact phosphorylating mito- 
chondria. However, other recent work suggests that still other carriers 
may be involved. The presence of an additional heme protein carrier, 
cytochrome e, between the antimycin-sensitive carrier and cytochrome c 
has been suggested (17). Furthermore, Martius has recently suggested 
that a vitamin Kj)-containing carrier system exists between DPNH and 
cytochrome b (18); the relationship of this carrier to the already known 
menadione reductase (19) and to normal phosphorylating electron trans- 
port is not known. In addition, it has recently been demonstrated that 
tocopherols added in vitro activate rat muscle DPN-cytochrome c reductase 
preparations and also reverse the inhibitory action of antimycin A, sug- 
gesting the existence of a tocopherol-containing carrier in the chain (20). _ 
Again, the exact location of the postulated carrier is uncertain, as is the 
exact location of the factors inhibited by certain antimalarial drugs and 
BAL. Finally, it may be pointed out that Green et al. have suggested from 
work on “DPNH oxidase”’ particles that cytochrome c is not a normal 
member of the respiratory chain (21). However, other work from Green’s 
laboratory demonstrates that the presence of added cytochrome c is neces- 
sary for oxidative phosphorylation in pretreated mitochondria (22). 


The authors are indebted to Dr. Cecil Cooper for his advice and many 
helpful discussions and to Nancy Buseman for technical assistance. 


SUMMARY 


A multienzyme complex separated from digitonin extracts of rat liver 
mitochondria carries out the reduction of ferricytochrome c at the expense 
of p(—)-8-hydroxybutyrate. Cyanide was used to prevent reoxidation of 
the ferrocytochrome c formed. Coupled to this oxidation-reduction is the 
phosphorylation of adenosine diphosphate with a P:2e ratio of about 1.0. 
Adenosine diphosphate is specific as phosphate acceptor; the 5’-diphos- 
phates of other purine and pyrimidine ribosides tested were inactive. The 
phosphorylation is uncoupled by 2 ,4-dinitrophenol, gramicidin, Dicumarol, 
and pentachlorophenol. The oxidation-reduction and phosphorylation are 
completely blocked by antimycin A. When ferricyanide is used as elec- 
tron acceptor to replace ferricytochrome c, the P:2e ratio is also about 1.0; 
the reduction is similarly blocked completely by antimycin A. 

Chemically reduced diphosphopyridine nucleotide is readily oxidized by 
cytochrome c in parallel tests with the enzyme complex. However, the 
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reaction is less sensitive to antimycin A and little or no phosphorylation 
occurs. It is suggested that an alternative non-phosphorylating pathway 
is preferentially utilized when reduced diphosphopyridine nucleotide is 
added as substrate; in contrast, the oxidation of the bound reduced diphos- 
phopyridine nucleotide present in the enzyme complex and presumably 
formed by action of the bound 6-hydroxybutyric dehydrogenase is accom- 
panied by phosphorylation. Other tests showed that the reduction of 
added diphosphopyridine nucleotide by @-hydroxybutyrate as it is carried 
out by the mitochondrial enzyme complex is not accompanied by phos- 
phorylation. 
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OXIDATIVE PHOSPHORYLATION BY AN ENZYME COMPLEX 
FROM EXTRACTS OF MITOCHONDRIA 


III. THE SPAN CYTOCHROME c TO OXYGEN* 
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Work in this: laboratory has established that the oxidation of ferrocyto- 
chrome c added as substrate to intact mitochondria is accompanied by a 
coupled phosphorylation (1). This successful demonstration, since con- 
firmed (2), arose from earlier investigations showing the occurrence of 
phosphorylation during the oxidation of ascorbic acid, a non-enzymatic 
reductant of cytochrome c (3-6). 

In Paper I the demonstration of oxidative phosphorylation in a multi- 
enzyme complex separated from digitonin extracts of mitochondria was 
described (7). Further work has been devoted to examining the phos- 
phorylation coupled to known segments of the respiratory chain in such 
preparations; in Paper II (8) the phosphorylation accompanying reduction 
of ferricytochrome c by 6-hydroxybutyrate was described in detail. 

This communication is concerned with the phosphorylation accompany- 
ing passage of electrons from ferrocytochrome c to oxygen as it occurs in 
the isolated enzyme complex separated from mitochondrial extracts. A 
preliminary report of a part of this work has been published (9). 


Methods 


The water suspension of the enzyme fraction, Preparation P-1, prepara- 
tion of which has already been described in detail (7), was used in all ex- 
periments. 

Measurements of oxygen uptake were made either manometrically with 
air as the gas phase and trimethylpentane (density 0.69) as the manometer 
fluid or with the oxygen electrode already described (7); phosphate uptake 
was measured by an isotopic method (1, 7). In all the manometric experi- 
ments described the enzyme suspension was present in the side arm of the 
Warburg vessel during a 5 minute temperature equilibration period at 23° 
and was tipped into the main compartment at zero time to start the reac- 
tion. When the oxygen electrode was employed, the cytochrome c was 


* Supported in part by a grant from the National Institutes of Health and the 
Nutrition Foundation, Inc. 
t Postdoctoral Fellow of the National Institutes of Health. 
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added last to start the reaction. Other experimental details are given in 
the legends of Tables I to VII and Fig. 1. 


EXPERIMENTAL 


Phosphorylation Coupled to Oxidation of Ascorbate—The enzyme complex 
Preparation P-1 catalyzes the oxidation of ascorbate by molecular oxygen 
in the presence of added cytochrome c. When ADP" and P are also present 
in the medium, the oxidation of ascorbate is accompanied by disappearance 
of P and formation of ATP. In Table [ are shown representative data 
demonstrating the oxidation of ascorbate, the coupled phosphorylation, 
and the effect of omitting certain reaction components. In a large series 


TABLE I 
Requirements for Oxidation and Phosphorylation 
The complete system contained 0.01 M ascorbate, 4 & 10°° mM cytochrome c, 0.0024 
m ADP, 0.01 m phosphate (pH 5.5, labeled with 1.04 & 10° ¢.p.m. of P*?), and enzyme 
(215 y of N) in a total volume of 3.0 ml. Incubated for 15 minutes at 23°. 


Experiment No. Components ~ 
microatoms pmole 

1 Complete system 2.05 0.95 0.46 
Minus ascorbate 0.00 0.00 0.00 

 eytochrome c 0.00 0.00 0.00 

ADP 1.26 0.00 0.00 

2 Complete system 1.25 0.56 0.45 
Minus cytochrome c 0.00 0.00 0.00 

‘* ascorbate 0.00 0.00 0.00 

3 Complete system 1.52 0.73 0.48 
Minus ADP 1.11 0.00 0.00 


of measurements made with many different preparations of the enzyme 
complex, P:O ratios as high as 0.9 were observed; however, most of the 
values fell in the range 0.4 to 0.7. It is seen from the data that no oxygen 
uptake or phosphorylation occurred on omission of either ascorbate or 
cytochrome c or when cyanide was added to the complete system. When 
ADP was omitted, phosphorylation did not occur and the rate of oxidation 
of ascorbate was greatly decreased, demonstrating dependence of electron 
transport on the availability of phosphate acceptor, as has been observed 
in intact mitochondria (10). In other experiments dehydroascorbic acid 
gave no oxygen uptake under the test conditions employed, nor did it un- 
couple phosphorylation. 

The rates of oxidation and phosphorylation were essentially constant 


1 For abbreviations, see Paper I. 
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with time over the reaction periods studied. In Fig. 1 are shown the re- 
sults of such a rate study. In this experiment the oxygen electrode was 
employed for measuring oxygen uptake; in comparative experiments 
manometric and potentiometric measurements of oxygen uptake agreed 
satisfactorily. Although the rate of oxidation of ascorbate by the enzyme 
preparations employed depends on a number of factors such as pH, con- 
centration of added cytochrome c, and other parameters, at pH 6.0 the 
Qo, (microliters of O2 uptake per mg. dry weight per hour at 37°) is about 
60 to 80, which is considerably greater than the values given by intact 
mitochondria oxidizing ascorbate in similar phosphorylation test systems 
(5, 6). 


° 
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Fic. 1. Rate of oxidation and phosphorylation. The test system contained 0.01 
m ascorbate, 4 X 10-5 m cytochrome c, 0.0024 m ADP, 0.01 m P (pH 5.5, labeled with 
1.15 X 106 c.p.m. of P%?), and enzyme (150 y of N) in a total volume of 3.0ml. Oxy- 
gen uptake followed with oxygen electrode at 23°. 


The labeled inorganic phosphate taken up from the medium during 
coupled phosphorylation could be quantitatively recovered as newly formed 
ATP, following chromatography of the adenine nucleotides on a Dowex 1 
column. In a typical experiment 4.70 X 10‘ c.p.m. of P® disappeared 
from the medium during the coupled oxidation, as measured by the phos- 
phomolybdate partition procedure. The combined eluates from the col- 
umn corresponding to the ATP fraction contained 4.89 X 10‘ c.p.m. of 
P®; those corresponding to ADP contained less than 500 c.p.m. 

Specificity of Phosphate Acceptor—In a study of the specificity of the 
phosphate acceptor it was found that only ADP was an effective acceptor. 
The 5’-diphosphates of inosine, uridine, and guanosine were completely in- 
active and only CDP showed a trace of activity (Table II). When the 
various nucleoside diphosphates were tested in the presence of ADP, there 
was no significant inhibition or competition with ADP. Although CDP 
and UDP increased the P:O ratio very slightly when added with ADP in 
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the experiments shown in Table II, the significance of these is questionable, 
since such increases were not observed in other experiments. It does ap- 
pear significant, however, that GDP consistently stimulated oxygen up- 
take at least 100 per cent above the rate in the absence of nucleoside 
5’-diphosphate (Table II); IDP and CDP were less effective. Although 
GDP was inactive as a P acceptor alone, the extra oxygen uptake elicited 
was accompanied by phosphorylation if ADP was also present. These 
effects are being examined further. 


TABLE II 
Specificity of Phosphate Acceptor 
The test system contained 0.01 mM ascorbate, 4 & 10°° mM cytochrome c, nucleoside 
5’-diphosphates at 0.0024 m as shown, 0.01 m P (pH. 5.5, labeled with 1.20 & 10% ¢.p.m, 
of P8*), and enzyme (130 y of N) in a total volume of 3.0 ml. Incubated for 15 min- 
utes at 23° in Warburg vessels; gas phase, air. 


P acceptor AP 
microaloms pmoles 


Inhibition of Oxidation and Phosphorylation—The oxidation of ascorbate 
was completely inhibited by cyanide, presumably through inhibition of 
cytochrome a; (Table III). In confirmation of earlier work with intact 
mitochondria (1, 5, 6), the oxidation of ascorbate by the enzyme complex 
was found not to be inhibited by antimycin A, although at higher concen- 
trations the latter uncouples phosphorylation. 

The phosphorylation accompanying oxidation of ascorbate was found to 
be uncoupled by DNP, gramicidin, pentachlorophenol, methylene blue, 
p-chloromercuribenzoate, arsenate, and Dicumarol (Table III). The ac- 
tion of Dicumarol is considered in more detail below. On the other hand, 
Cat did not affect the phosphorylation, although it is a potent uncoupling 
agent in intact mitochondria (7). 

Effect of Phosphate Concentration—The experiments on Preparation P-1 
reported in Paper I have indicated that maximal P:O ratios are observed 


alt 


| 
| 4H 
| pl 
t 
re 
p 
ra 


C. COOPER AND A. L. LEHNINGER 523 


for the span 8-hydroxybutyrate to oxygen only at relatively high concen- 
trations of inorganic phosphate (7). The phosphorylation coupled to the 
oxidation of ascorbate is also highly dependent on the concentration of inor- 
ganic phosphate. The results of the experiment summarized in Table IV 
show that the maximal P:0O ratio is observed at about 0.025 m phosphate; 
at 0.0002 to 0.0005 m phosphate the P:O ratio is about half maximal. 


TABLE III 
Effect of Inhibitors 


The test system contained 0.01 mM ascorbate, 4 X 10°° m cytochrome c, 0.0024 m 
ADP, 0.01 m P (pH 5.5, 1.20 K 10% ¢.p.m. of P?), and enzyme (150 y of N) in a total 
volume of 3.0 ml. Time, 15 minutes. 


uM microatoms pmoles 
| None 2.53 1.05 0.42 
DNP 5x 10° 2.46 0.00 0.00 
CaCl, 0.0025 1.57 0.63 0.40 
Dicumarol 5x 105 2.24 0.00 0.00 
Gramicidin 7x 10°° | 2.69 0.00 0.00 
p-Chloromercuribenzoate 2.5 10° 1.84 0.00 0.00 
Pentachlorophenol 5 xX 10°5 2.45 0.00 0.00 

KCN 0.001 0.00 0.00 
2 None 1.17 0.66 0.56 
Dicumarol 1x 10° 1.10 0.24 0).22 
5 xX 10°° 1.13 0.04 0.04 
1 xX 10°5 1.08 0.00 0.00 
Antimycin A 0.1* 1.01 0.58 0.57 
1.0* 1.15 0.18 0.16 
3 None 1.25 0.45 0.36 
Methylene blue 5 xX 10°4 6.04 0.00 0.00 
4 None 2.12 1.03 0.49 
Arsenate 3 xX 10°? 1.19 0.20 0.17 


* Concentration in micrograms per ml. 


However, the rate of oxidation of ascorbate declines with increase in phos- 
phate concentration. From results of other experiments it appears that 
this decrease is largely a reflection of the inhibition of the non-enzymatic 
reduction of cytochrome c by phosphate at this pH (5.5).? 

Effect of pH—A striking characteristic of the cytochrome-linked phos- 
phorylation in the isolated enzyme preparation is the fact that the P:O 
ratio is maximal at relatively low pH. The data in Table V show that, 
although the rate of oxidation of ascorbate is maximal at pH 7.5 and de- 


? Unpublished observations, A. Mildvan. 
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clines sharply as the pH is lowered, the P:O ratio is quite low (0.16) at 
pH 7.5 but maximal at pH 5.5 (0.72). 

The disparity between the rates of phosphate uptake and oxygen uptake 
as pH is varied is far more striking with the ascorbate substrate system 


TABLE IV 
Effect of Phosphate Concentration 
The test system contained 0.01 mM ascorbate, 4 KX 10-5 mM cytochrome c, 0.0024 m 
ADP, P at the concentrations indicated (labeled with 1.15 X 10° c.p.m. of P%?), and 
enzyme (150 y of N) in a total volume of 3.0 ml. The pH was adjusted to 5.5. In- 
cubated for 15 minutes at 23°. 


P concentration —AP 
M microaloms pmole 
0.0005 2.42 0.79 0.33 
0.001 2.04 O01 0.45 
0.005 1.87 0.04 0.50 
0.010 1.340 0.70 0.61 
O25 O00 0.62 
0.050 O46 0 51 


Tanne V 
Effect of pH on Oxidation and Phosphorylation 
The test system contained O.OL Mm aseorbate, 4 eytochrome ¢, 0.0024 
ADP, P Gabeled with 131 pom. of and enzyme (250 7) ina total 
volume of 3.0 ml.) The pH of the medium was adjusted to the values shown. Ineu- 
bated for 15 minutes at 25°. 


pH AO> 
microatoms pmoles 

5.0 1.33 0.81 0.61 
5.5 1.28 0.92 0.72 
6.0 2.21 1.43 0.65 
6.5 4.81 2.00 0.42 
7.0 8.33 2.23 0.27 
7.5 9.14 1.46 0.16 


here described than was observed for systems in which 8-hydroxybutyrate 
was the substrate (7). This disparity represents the resultant of two con- 
tributing factors. The first is that the rate of oxygen uptake in the ascor- 
bate system can vary over a very wide range, depending on the effect. of 
pH and other factors on the rate of the non-enzymatic reduction of cyto- 
chrome c by ascorbate Most important, it can very greatly exceed the 
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maximal rate of oxygen uptake seen with 6-hydroxybutyrate as substrate. 
The second factor is that the enzyme preparations have a maximal absolute 
rate of phosphate uptake. The data on phosphate uptake in Table V show 
that its maximal rate is about 2.0 wmoles per 200 y of N per 15 minutes. 
Inspection of pertinent data from a large number of similar experiments 
indicates that this is the average maximal rate of phosphate uptake by 
systems of Preparation P-1, regardless of oxygen uptake. From these 
considerations it appears that the rate of phosphate uptake is limited by the 
activity of the phosphate-transferring system which is presumably involved 
in the coupling mechanism (11). The enzymes and cofactors making up 
this system are not themselves members of the respiratory chain per se. 
It is therefore clear that the maximal absolute rate of phosphate uptake 
determines the maximal observable P:O ratio for any given rate of electron 
transfer. Any electron transfer in excess of the maximal possible rate of 
phosphate uptake thus must proceed without coupled phosphate uptake. 
Asis seen in Table V, at pil 5.5 the rate of oxygen uptake is relatively low 
and the coupled phosphorylation takes place with a high P:O ratio (0.72), 
However, at pil 7.0 the rate of oxygen uptake is much higher. At this 
pl phosphate uptake is at a maximum but still cannot keep pace with 
electron transport; the low PO ratio of 0.27 is the result, 

ffeet of Cytochrome Concentration Data shown in ‘Table have already 
demonstrated that addition of cytochrome ¢ is necessary for oxidation of 
ascorbate by the enzyme complex, despite the fact that the enzyme complex 
already contaims eytochrome ¢ (7) which is funetional and capable of sup- 
porting electron flux when #-hydroxybutyrate is substrate. 

Results of experiments in Table VI show that the rates of both oxygen 
uptake and phosphate uptake increase as the concentration of eytochrome 
cis increased.  Towever, at pH 7.0 the maximal absolute rate of phosphate 
uptake is reached at lower concentrations of cytochrome ¢ than is the maxi- 
mal rate of oxygen uptake. Since the absolute rate of oxygen uptake at 
the higher cytochrome concentrations exceeds the maximal possible rate 
of phosphate uptake, the P:O ratio necessarily declines with increasing 
concentration of cytochrome c. 

On the other hand, at pH 5.5, the rates of oxygen uptake did not sub- 
stantially exceed the limiting rate of phosphate uptake, except at the 
highest concentration of cytochrome c tested, and the P:O ratio thus re- 
mained essentially constant. 

These experiments thus indicate that by appropriate adjustment of pH 
and concentration of cytochrome c the hypothetical transphosphorylase of 
the coupling mechanism can be made rate-limiting. 

Oxidation of Added Ferrocytochrome c—FEarlier work with intact liver 
mitochondria has demonstrated that oxidation of added ferrocytochrome c 
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is accompanied by coupled phosphorylation in the absence of non-enzy- 
matic reductants of cytochrome ¢ such as ascorbate (1). A similar demon- 
stration with the isolated enzyme complex was considered desirable. How- 
ever, when such tests were carried out, it was found that, although the 
ferrocytochrome c was very rapidly oxidized by Preparation P-1, very 
little phosphorylation was observed (Table VII). The P:O ratios in such 
experiments never exceeded 0.18, whereas parallel experiments with ascor- 
bate plus ferricytochrome c as substrate system yielded P:O ratios as high 
as 0.75. This discrepancy is not a reflection of some special enzymatic 


TABLE VI 
Effect of Cytochrome c Concentration 
The test system contained 0.01 mM ascorbate, 0.0024 m ADP, 0.01 m P (labeled with 
P32), and enzyme (200 y of N) in a total volume of 3.0 ml. Time, 15 minutes. In 
Experiment 1 the pH was adjusted to 7.0; in Experiment 2, pH 5.5. 


Experiment No. Cytochrome ¢ —AP 
M microatoms pmoles 

1 0 0.00 0.0 
5 & 10°° 1.11 0.48 0.44 
1x 10° 2.31 0.99 0.43 
5 10° 5.04 1.60 0.32 
104 2.08 0.24 
5 10 0.73 2.16 22 

2 10° 0.88 0.45 0.51 
6 10° 2.51 1.33 
1x 104 3.85 1.79 0.47 
12x 4.58 2.30 0.50 
14x 104 6.12 2.48 0.41 


role of ascorbate in the isolated system, but appears to be caused by the 
great disparity which exists between the rate of oxidation of ferrocyto- 
chrome ¢ and the maximal possible rate of phosphate uptake by the en- 
zyme preparation. Although the reaction period was 10 minutes in the 
tests described in Table VII, actually the ferrocytochrome c added was 
oxidized to the levels indicated within only seconds after mixing. More 
accurate measurements of the rate of oxidation of ferrocytochrome c in 
dilute enzyme suspensions were made; the initial rate was found to be 
about 45 microatoms of oxygen uptake per 200 y of enzyme N per 15 
minutes. In contrast the rate of oxygen uptake with ascorbate as reduc- 
tant was relatively much lower and constant with time (about 2 micro- 
atoms per 200 7 of enzyme N per 15 minutes), because it is limited by the 
rate of the non-enzymatic reduction of ferricytochrome c by ascorbate at 
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pH 5.5.2 At this relatively low rate of oxygen uptake the capacity of the 
phosphate-transferring system is not exceeded and P:O ratios as high as 
0.75 were observed. However, the very much higher rate of oxidation of 
added ferrocytochrome c¢ greatly exceeds the capacity of the phosphate- 
transferring system and the latter is unable to keep pace with the burst 
of electron flow immediately after mixing. The resulting non-phosphoryl- 
ating oxidation superimposed on phosphorylating oxidation leads to a low 
over-all P:O ratio. 

The maximal capacity of the terminal transphosphorylase system there- 
fore represents a major factor determining the magnitude of the P:O ratio 
in enzyme preparations such as those described. 


TaBLe VII 
Oxidation of Ferrocytochrome c 


The test system contained 0.01 m P (pH 5.5, labeled with 6.2 K 10° ¢.p.m. of P*), 
0.0024 m ADP, ferrocytochrome c at the concentrations shown, and enzyme (90 y of 
N). Total volume 1.0 mi.; gas phase 100 per cent O.; incubation carried out for 10 
minutes at 13.5°.) The amount of ferrocytochrome ¢ oxidized was determined spec- 
trophotometrically on a small aliquot of the medium at the end of the ineubation 
following dilution with O.OOL Mm KCN, 


bherrocytochrome ¢ 4A ferrocytochrome ¢ 
M myamoles mpmoles 
2.5 104 106, 0.18 
5.0 104 212 28 0.15 
15 WwW! 78 0.14 
20* Ww? 750 OS 


DISCUSSION 


The experiments described in this paper demonstrate that the phosphory]- 
ation coupled to the oxidation of ferricytochrome ¢ may be studied success- 
fully in the isolated enzyme complex. Actually this system appears to 
offer certain advantages over the span 8-hydroxybutyrate to oxygen (7) in 
approaching the study of the transphosphorylases presumably taking part 
in the coupling process. These advantages stem from the fact that it is 
possible to vary the rate of electron transport at will, especially in the 
direction of very high rates which cause the phosphate-transferring activity 
to become the factor setting the upper limit to the P:O ratio. Such a 
situation provides a potential assay system for the enzymes and cofactors 
involved in the terminal stages of the coupling process; this approach is cur- 
rently being explored in this laboratory. 
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There is one other property of this system which deserves special men- 
tion, namely the uncoupling effect of Dicumarol on the phosphorylation 
coupled to the oxidation of ferrocytochrome c. The data shown in Table 
III demonstrate that Dicumarol at 1 K 10~® mM lowers the P:O ratio over 
50 per cent. Similar tests of the uncoupling action of Dicumarol on the 
over-all span 8-hydroxybutyrate to oxygen (7) and the span 6-hydroxy- 
butyrate to cytochrome c (8) indicate that 1 X 10~-* m Dicumarol also 
produces about 50 per cent uncoupling in each case. It thus appears that 
phosphorylations in both segments of the respiratory chain are equally 
sensitive to the uncoupling action of Dicumarol. ‘These findings are not 
in agreement with the hypothesis offered by Martius and Nitz-Litzow 
(12-14) on the mode of action of Dicumarol and vitamin Ky, in oxidation 
and phosphorylation. They have postulated that Dicumarol uncouples 
phosphorylation because it blocks passage of electrons through a carrier 
system existing between DPN and cytochrome c, which is presumed to con- 
tain a vitamin K derivative as a reversibly oxidizable active group. They 
have suggested that in the presence of Dicumarol an alternative non-phos- 
phorylating route for reduction of cytochrome c (possibly the already known 
DPN-cytochrome c reductase (15)) is brought into play. If this hypothesis 
is correct and accounts fully for the uncoupling effect of Dicumarol on oxi- 
dative phosphorylation, then inhibition of phosphorylation coupled to oxi- 
dation of ferrocytochrome c by oxygen should not be expected, since this 
portion of the respiratory chain lies beyond the site of action postulated 
by Martius and Nitz-Litzow. Our experiments indicate that the cyto- 
chrome-linked phosphorylation is fully as sensitive to uncoupling by Di- 
cumarol as is the segment of the chain between 6-hydroxybutyrate and 
cytochrome c. If Dicumarol, indeed, uncouples by competitive inhibition 
of a vitamin K-containing enzyme, then this enzyme is not uniquely 
associated with electron transport between DPNHL and cytochrome c. 
An alternative explanation is that the Dicumarol-sensitive enzyme is not 
an electron carrier, as postulated by Martius, but actually a component of 
the phosphate-transferring enzyme system responsible for formation. of 
ATP from the primary high energy linkage at all three phosphorylating 
sites in the respiratory chain. 


SUMMARY 


A multienzyme complex separated from extracts of rat liver mitochondria 
catalyzes the oxidation of ascorbate by molecular oxygen when cytochrome 
c is added. Coupled phosphorylation with P:O ratios as high as 0.9 was 
observed when the test system contained orthophosphate and adenosine 
diphosphate as the phosphate acceptor. The 5’-diphosphates of uridine, 
inosine, cytidine, and guanosine were inactive as phosphate acceptors. The 
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phosphorylation was uncoupled by 2,4-dinitrophenol, Dicumarol, gramici- 
din, p-chloromercuribenzoate, methylene blue, arsenate, and pentachloro- 
phenol. Data were presented demonstrating that the upper limit to the 
P:O ratio is set by the maximal absolute rate of phosphate uptake, itself 
a reflection of the maximal activity of the auxiliary phosphate-transferring 
system involved in the coupling process. This fact provides an explana- 
tion for the rather low P:O ratios observed with chemically prepared ferro- 
eytochrome c as substrate, since the latter is oxidized at an extremely high 
initial rate, far exceeding the capacity of the phosphate-transferring sys- 
tem. The significance of uncoupling of this phosphorylation site by Di- 
cumarol was discussed. 


The authors wish to thank Nancy Buseman for technical assistance and 
Albert Mildvan for carrying out measurements with the oxygen electrode. 
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SENSITIVITY OF RAT LIVER XANTHINE OXIDASE 
TO AMINO ACID ANALOGUES* 


By EZZAT S. YOUNATHAN, EARL FRIEDEN, ann KARL DITTMER 
(From the Department of Chemistry, Florida State University, Tallahassee, Florida) 


(Received for publication, July 25, 1955) 


There is ample evidence in the literature concerning the labile nature of 
rat liver xanthine oxidase and its dependence on dietary protein. Mc- 
Quarrie and Venosa (1) observed a large drop in the enzyme activity when 
the protein content of the ration was reduced from 25 to 10 per cent. 
Miller (2) noticed that a 7 day inanition caused a loss of xanthine oxidase 
activity in rat liver which exceeded the loss of liver protein. Williams 
and Elvehjem (3) suggested that the activity of this enzyme could be used 
as a sensitive index of amino acid availability in dietary proteins. Wes- 
terfeld and Richert (4, 5) found that the xanthine oxidase of rat liver and 
intestine was influenced by the dietary intake of protein and by a factor 
in the water-insoluble fraction of liver. The latter was identified as 
molybdenum by De Renzo et al. (6). Litwack et al. (7) evaluated the 
quality of several proteins in terms of liver xanthine oxidase activity at- 
tained when these were fed to rats. <A reduction in the activity of the en- 
zyme due to deficiency of methionine (8), tryptophan (9), or vitamin By 
_ (10) was reported by Williams and coworkers. Litwack et al. (11) found 
that liver xanthine oxidase of rats fed a ration containing the essential 
amino acids for 28 days was twice as active as that of rats receiving the 
non-essential amino acids as the sole nitrogen source. The best results 
were obtained when the ration contained both essential and non-essential 
amino acids. Recently, Dietrich (12) reported an increase in mouse liver 
xanthine oxidase upon the administration of xanthine for 6 to 12 days. 

In this communication, the effect of three amino acid analogues on rat 
liver xanthine oxidase is reported. The administration of 6-3-thienyl-pL- 
alanine or pDL-propargylglycine was found to cause marked loss in the en- 
zyme activity. pL-Ethionine and £-3-thienyl-pi-alanine inhibited the 
repletion of xanthine oxidase in protein-depleted rats. The effect of B-3- 
thienyl-pL-alanine was reversed by pL-phenylalanine. 


*The data in this paper are taken from a dissertation submitted by Ezzat S. 
Younathan in partial fulfilment of the requirements for the degree of Doctor of Phi- 
losophy in Chemistry, Graduate School, Florida State University. This work was 
supported in part by a contract with the Office of Naval Research, research 
grants No. 2714 and No. 2375 from the United States Public Health Service, and 
by a grant from Parke, Davis and Company. 
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EXPERIMENTAL 


Adult female albino rats of the Wistar strain were kept in an air-condi- 
tioned room, and, unless otherwise mentioned, food and water were offered 
ad libitum. All the groups of five rats each were kept on a standard basal 
diet containing 18 per cent casein and 0.25 per cent pL-methionine (Table 
1) during the 1st week of the experiment. Body weight and food consump- 
tion were recorded daily. , 

The composition of the standard basal diet is similar to that described 
by Williams and Elvehjem (3), with slight modifications. Wesson’s modi- 


fication (13) of the Osborne-Mendel salt mixture was supplemented with © 
0.025 gm. of sodium molybdate per kilo of salt. Various addenda were | 


TABLE | 
Composition of Standard Basal Diet 


| per cent 
Modified Osborne-Mendel salt mixture.......... | 4.0 
Mazola oil + oil-soluble vitaminst................ 4.0 


* Williams and Elvehjem’s (3) vitamin mixture plus 2.0 y of vitamin Biz per 100 
gm. of diet. 


{ 4000 U.S. P. units of vitamin A and 400 U.S. P. units of vitamin D per 100 gm. . 


of diet. 


incorporated in the basal diet at the expense of an equal weight of dextrin. 


The protein-free diet has the same composition as the standard diet with | 


the elimination of casein and methionine. 

After the termination of the feeding or injection period of each experi- 
ment, the animals were sacrificed by a blow on the head, followed by de- 
capitation and exsanguination. The liver was immediately dissected and 
chilled in ice for 10 minutes. It was then blotted, and a suitable portion 
rapidly weighed and homogenized in a Potter-Elvehjem homogenizer (14) 
in 5 volumes of 0.039 m phosphate buffer (pH 7.4) (15). For the assay of 
xanthine oxidase in the homogenate the colorimetric method of Litwack 
et al. (16) was used. This method was found to avoid the difficulties en- 
countered in the manometric procedure of Axelrod and Elvehjem (15). 

All the determinations of xanthine oxidase were carried out on the freshly 
prepared liver homogenate. Storage of the samples overnight in the cold 
room (3°) led to loss of about one-sixth of the enzyme activity, while lyo- 
philization completely destroyed it. 
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The unit of xanthine oxidase activity (XOU) is defined as the amount 
of enzyme that under the conditions of this procedure catalyzes the oxida- 
tion of 1 umole of xanthine per hour. All data are calculated as the num- 
ber of xanthine oxidase units per gm. of fresh liver. 


Results 


A preliminary experiment of this investigation was carried on to deter- 
mine the normal activity of xanthine oxidase in rat liver under the condi- 
tions described above. When five rats were kept on the standard basal 
diet for 7 days before sacrifice, they gave an average xanthine oxidase ac- 


TaBLeE II 


Activity of Xanthine Oxidase in Livers of Normal Rats, Depleted Rats, and Rats on 
Restricted Food Intake 


| Average body . 
gm. 
l Average initial body weight 201 
7 days on BDt 200 13.6 (2.8) 
9 7 24] 
& 226 2.5 (0.6) 
217 
200 
212 12.8 (1.6) 
4 ad libitum 211 
7 199 10.1 (2.0) 


* Five rats per group. 
t The figures in parentheses denote the standard deviation. 
{t BD, standard basal diet; PFD, protein-free diet. 


tivity of 13.6 XOU per gm. of fresh liver (range, 9.4 to 16.6 XOU) (Table 
II, Group 1). In confirmation of the work of Litwack et al. (16, 17), the 
activity of rat liver xanthine oxidase dropped to 18 per cent of normal 
when the animals were fed a protein-free diet for 5 days (Group 2). As 
indicated by the results with Group 3, the restoration of the enzyme to 
the normal level was almost complete when the rats were fed the standard 
diet for 5 days. The regaining of body weight, however, was slower, and 
none of the depleted rats reached its initial weight. 

Since diets which contain inhibitory levels of amino acid analogues im- 
pair the appetite of the animals (18), the effect of restricting the amount of 
food intake on xanthine oxidase activity was investigated. After 7 days 
on the standard diet, during which each rat consumed an average of 19.2 
gm. of diet daily, the ration offered was cut down to 10.0 gm. of the stand- 
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ard basal diet per rat per day. After 1 week on this restricted amount of 
food intake, the animals were sacrificed and liver xanthine oxidase was as- 
sayed. As reported in Table II (Group 4), an average of 10.1 NOU was 
obtained. Thus it seems that reduction of the daily food consumption to 


TABLE III 


Effect of B-3-Thienyl-pu-alanine, Ethionine, and Propargylglycine on Xanthine 
Oxidase Activity of Rat Liver 


Average body | 
Group No.* | Treatment weight after | ae xanthine 
treatment period activity} 


XOU per em. 


days | | | fresh liver 
5 7 On BDt 
3.) + 0.25% B-3-thienyl-pL- 203 6.4 (1.1) 
alanine | 
6 7 On BD | 237 | 
3  pair-fed | 227 10.4 (1.9) 
7 7 sh ole | 212 | 
hrs. | | 
48 On PGt injecteds 202 | 4.3 (1.0) 
days | | | 
8 7 On BD | 237 
7 ‘ PFDt | 214 | 
7 BD + 0.25% B-3-thienyl-pL- 214 aD) 
alanine | | 
0) 7 | On BD | 217 | 
7 ‘¢ PFD 193 | 
7 ‘ BD + 0.25% 6-3-thienyl-pL- 202 | 411.3 (1.7) 
| alanine + 0.73 pi-phenylalanine 
10 7 | On BD | 205 
7“ PFD | 188 


| 
* Five rats per group. 
} The figures in parentheses denote the standard deviation. 
t BD, standard basal diet; PG,pL-propargylglycine, PFD, protein-free diet. 
§ 3 mg. injected subcutaneously every 8 hours. 


BD + 0.25% pi-ethionine | 


172 


| 3.4 (1.0) 


half the regular amount did not result in appreciable decrease in xanthine 
oxidase activity. 

The effect of incorporating 6-3-thienyl-pL-alanine was then investigated 
(Table III). The analogue was used at a concentration of 0.5 per cent im 
the basal diet and the ration was offered ad libitum (Group 5). Due to 
appreciable loss of appetite, the experiment was terminated after 3 days 
and the enzyme assayed. The food consumption was 14.6, 9.2, and 64 
gm. of diet in the Ist, 2nd, and 3rd days, respectively. A pair-fed group 
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(Group 6), offered the same amount of diet as that consumed by Group 5, 
was used as the control. Livers from rats receiving 8-3-thienyl-pL-alanine 
had an average of 6.4 XOU, or an average loss of 53 per cent of xanthine oxi- 
dase activity in 3 days. That the loss is not mainly due to a drop in food 
consumption is evident from the observation that the pair-fed group gave 
an average of 10.4 XOU. 

In a previous study, pL-propargylglycine was found to be highly inhibi- 
tory on growth of young rats at comparatively low concentrations (19, 
20). For the work reported in this paper, a dose of 3 mg. of pL-propargyl- 
glycine was injected subcutaneously every 8 hours. As reported in Table 
III (Group 7), the administration of propargylglycine for 48 hours caused 
68 per cent reduction in xanthine oxidase activity. The average daily 
food intake was 8.3 gm. per rat during the injection period. Administer- 
ing the same dose of propargylglycine to another group for 4 days resulted 
ina drop in xanthine oxidase activity to an average of 1.7 XOU. 

Similar results were obtained when the amino acid analogues were 
studied for their effect on the repletion of xanthine oxidase. In this ap- 
proach, the animals were depleted of their xanthine oxidase by being kept 
on a protein-free diet for 7 days, after which they were offered the standard 
basal diet containing the amino acid analogue. While 5 days on this diet 
were enough to restore xanthine oxidase activity to its normal level (Ta- 
ble II, Group 3), the standard diet containing 0.25 per cent of 8-3-thienyl- 
pi-alanine (Table III, Group 8), or 0.25 per cent of pi-ethionine (Group 
10), failed to permit repletion in 7 days. However, the incorporation of 
pLt-phenylalanine at 0.73 per cent (thus giving a molar ratio of thienyl- 
alanine-phenylalanine, 1:3) almost completely reversed the inhibitory ef- 
fect of thienylalanine (Group 9). 

Synthesis of Xanthine Oxidase by Rat Liver Slices—Dhungat and Sreeni- 
vasan (21) reported an increase in xanthine oxidase activity when liver 
slices from protein-depleted rats were incubated aerobically for 3 hours in 
horse serum containing glucose. They used the manometric method for 
assaying the enzyme. However, using the colorimetric method of Lit- 
wack et al. (16), we were unable to detect any significant increase in xan- 
thine oxidase activity when depleted rat liver slices were incubated under 
the conditions described by Dhungat and Sreenivasan. A series of five ex- 
periments in which the depletion period varied from 7 to 15 days gave 
negative results for all incubations. 


DISCUSSION 


The data presented above clearly demonstrate the sensitivity of xanthine . 
oxidase activity of rat liver to the administration of amino acid antagon- 
ists. In addition to confirming the observations of other workers on the 
labile nature of xanthine oxidase, these data indicate that the reduction in 
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the enzyme activity under conditions of inanition or protein deficiency is 
probably due to a rapid loss of the apoenzyme moiety of xanthine oxidase 
and not to a deficiency of a cofactor or the appearance of an inhibitor. 

By virtue of the speed of depletion and repletion of the enzyme and the 
ease of its assay, xanthine oxidase activity of rat liver can be used as a 
sensitive indicator for testing amino acid antagonism in vivo. 

Virtanen and De Ley (22) studied the effect of nitrogen-source defi- 
ciency on enzyme activity of Escherichia coli. They proposed a hypothe- 
sis which assumes that lowering of the protein content of the cell causes a 
decrease primarily in the quantity of dispensable enzymes, while the in- 
dispensable enzymes would, to a great extent, maintain their normal level 
of activity. However, the present findings, as well as those of several other 
workers (2-5), support Miller’s view (2) that the stability of a certain pro- 
tein does not seem to be a function of its biological significance. By anal- 
ogy to the well established theory of inducible enzyme formation, one is 
tempted to suggest a theory of “induced enzyme breakdown.” This 
theory assumes that under unusual physiological conditions, e.g. inanition 
or protein deficiency, the organism tends to sacrifice primarily those en- 
zymes, the reduction of which will enable the system to conserve its meta- 
bolic economy under these conditions. However, there are not enough 
experimental data to substantiate this theory, and at present we have to 
assume that fluctuation in enzymatic constitution of living systems is 
mainly a reflection of variation in the turnover rates of proteins. 

Very recently Monod and coworkers (23, 24) presented evidence sup- 
porting the view that there is little or no protein turnover in viable cells 
of E. coli. Accordingly, Monod postulates that proteins are stable in 
living cells and that the observed turnover is due to cellular degeneration 
and regeneration as necessitated by ‘‘wear and tear.” If these observa- 
tions were applicable to higher animals, it would necessitate a modified in- 
terpretation of Schoenheimer’s classical concept of protein turnover. How- 
ever, the labile nature of xanthine oxidase and Miller’s observations (2) on 
the effect of inanition on liver enzymes make it difficult to reconcile the 
extension of Monod’s observations to higher animals. 


SUMMARY 


1. The administration of 8-3-thienyl-pt-alanine or pL-propargylglycine 
to adult rats caused a significant drop in liver xanthine oxidase. The loss 
in enzyme activity is largely due to the action of the amino acid analogue 
per se, and only partially to lowered food intake. 

2. The incorporation of 8-3-thienyl-pt-alanine or pi-ethionine in the 
standard basal diet inhibited the repletion of xanthine oxidase in protein- 


| a 
J 
lf 
ll 
12 
13 
14 
| 
16 
18. 
19. 
20. 
21. 
22. 
93. 
24. 


E. S. YOUNATHAN, E. FRIEDEN, AND K. DITTMER 537 


depleted rats. The inhibition due to thienylalanine was reversed by 
phenylalanine. 

3. It is suggested that rat liver xanthine oxidase activity can be used as 
a sensitive indicator for testing amino acid antagonism in vivo. 
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ENZYMATIC CARBOXYLATION OF 8-HYDROXYISOVALERYL 
COENZYME A* 


By BIMAL K. BACHHAWAT,ft WILLIAM G. ROBINSON, ff anp 
MINOR J. COONT 


(From the Department of Biochemistry, School of Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, August 1, 1955) 


As previously described in brief articles (2-4), enzymatic studies in this 
laboratory have established the following series of reactions in the metab- 
olism of isovalerate, an intermediate in leucine metabolism: 


(1) Isovaleryl CoA — 8-methylerotonyl CoA! (+2H) 
(2) B-Methylerotonyl CoA + 8-hydroxyisovaleryl CoA 


ATP 
(3) B-Hydroxyisovaleryl CoA + CO, ====== 8-hydroxy-8-methylglutaryl CoA 
(4) B-Hydroxy-8-methylglutaryl CoA == acetoacetate + acetyl CoA 


Sum. Isovaleryl CoA + H.O + CO, — acetoacetate + acetyl CoA (+2H) 


Evidence is given in the present paper for the dehydrogenation of iso- 
valeryl CoA to furnish the a,8-unsaturated thiol ester (Reaction 1), the 
hydration of B-MC CoA catalyzed by crotonase (Reaction 2), and carbon 
dioxide fixation by HIV CoA (Reaction 3). The product of carbon diox- 
ide fixation, HMG CoA, readily undergoes cleavage (Reaction 4) to furnish 
acetoacetate and acetyl CoA in equimolar amounts. The partial purifica- 
tion and properties of the HMG CoA cleavage enzyme have been described 
previously (5). 

EXPERIMENTAL 


Preparation of Heart and Liver Extracts—Rat livers or pig hearts were - 
obtained promptly after death of the animals, packed in ice, and ground 


* Supported by grants from the National Science Foundation and the National 
Institute of Arthritis and Metabolic Diseases, United States Public Health Service. 
A preliminary report of part of this investigation was presented at the meeting of 
the American Society of Biological Chemists at Atlantic City, April, 1954 (1). 

t Present address, Department of Biological Chemistry, Medical School, Uni- 
versity of Michigan, Ann Arbor, Michigan. 

t Postdoctoral Research Fellow, United States Public Health Service. 

1 The following abbreviations are used: reduced coenzyme A, CoA; thiol ester of 
coenzyme A, acyl CoA; §-methylcrotonic acid (senecioic acid), B-MC; 6-hydroxy- 
isovaleric acid, HIV; B-hydroxy-8-methylglutaric acid, HMG; adenosine triphos- 
phate, ATP; tris(hydroxymethyl)aminomethane, Tris; diphosphopyridine nucleo- 
tide, DPN. 
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in a mechanical mincer. The minced tissue was homogenized with 0.5 x 
potassium chloride and extracted at —7° with ethanol at a final concentra- 
tion of 20 volumes per cent according to procedures previously described 
(6). The clear supernatant solution obtained upon centrifugation was 
dialyzed at 4° for 16 hours against potassium chloride, 0.04 M, containing 
phosphate buffer, pH 7.4, 0.025 M, and L-cysteine, 0.001 m. In certain in- 
stances the dialyzed extracts were brought to a final ammonium sulfate 
concentration of 0.42 gm. per ml. (0.8 saturation), and the precipitates 
obtained upon centrifugation were dissolved in a minimal volume of 0.1 m 
Tris buffer, pH 7.4, and dialyzed against the same buffer containing 0.001 
M cysteine. 

For the preparation of heart acetone powder, the tissue was homogenized 
in 20 volumes of acetone previously chilled to —20°, and the residue ob- 
tained upon filtration was washed twice with acetone and once with ether, 
and dried in vacuo over sulfuric acid. The powder was extracted at 4° 
with 10 volumes of 0.05 mM potassium phosphate buffer, pH 7.4, and after 
centrifugation the supernatant solution was dialyzed overnight against the 
same buffer containing 0.001 M cysteine. 

Hydration of B-MC CoA—The formation of HIV CoA by hydration of 
B-MC CoA (Reaction 2) was readily demonstrated in heart and liver ex- 
tracts by the spectrophotometric procedure of Stern and his associates.’ 
This reaction is believed to be brought about by crotonase (8, 9) in the ex- 
tracts employed, for in a joint experiment with Stern e¢ al. a crystalline 
preparation of this enzyme was found to hydrate 6B-MC CoA (10). The 
results of a typical experiment with this enzyme are presented in Fig. 1, 
Curve A. 

Chromatographic evidence for the identity of the hydration product 
was obtained by incubating B-MC CoA with heart or liver extracts, con- 
verting the resulting mixture of thiol esters to the hydroxamie acids (11), 
and submitting the latter to chromatography in water-saturated butanol. 
As indicated in Table I, HIV hydroxamie acid (R,- 0.58) was identified as 
well as B-MC hydroxamic acid (#,- 0.83). As anticipated, only the latter 
compound exhibited absorption when the paper chromatogram was viewed 
under ultraviolet light. Like tiglohydroxamic acid (6), 8B-MC hydroxamic 
acid gives a purple color on paper when sprayed with the iron reagent, but 
the corresponding 8-hydroxy compounds in each case are of the typical 
red-brown color observed for saturated hydroxamates. Suitable controls 
indicated that the hydration of B-MC CoA occurs only in the presence of 
added enzyme and that the enzyme preparation was free of any materials 
yielding hydroxamic acids. 


2 The hydration was measured by the decrease in light absorption at 263 my as 
described by Lynen and Ochoa (7). The details of this unpublished procedure were 
kindly furnished by Dr. Joseph R. Stern. 
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Conversion of Isovaleryl CoA to B-MC CoA and HIV CoA—Evidence for 
the dehydrogenation of isovaleryl CoA, predicted by analogy to the de- 
hydrogenation of the CoA thiol esters of straight chain fatty acids (13), 
was obtained by the assay procedure of Green et al. (12). The following 
components were incubated at 38° in a final volume of 0.90 ml. in an evac- 
uated Thunberg tube: Tris, pH 8.1, 50 umoles; triphenyltetrazolium chlo- 
ride, 3.6 umoles; methylene blue, 0.2 umole; isovaleryl CoA, 2.0 umoles; 
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MINUTES 


Fic. 1. Enzymatic hydration of a,8-unsaturated thiol esters as a function of time. 
Curve A represents HIV CoA formation on mixing crystalline crotonase (0.08 + of 
protein) with 0.2 umole of B-MC CoA, 0.3 umole of disodium Versenate, 15 wmoles of 
Tris buffer, pH 7.4, and 0.3 mg. of crystalline egg albumin in a cuvette in a final vol- 
ume of 3.0ml. Curve B represents the hydration of crotonyl CoA (0.35 umole) by 
the crotonase present in a dialyzed heart alcohol extract (96 y of protein). Curve 
C indicates the absence of crotonase activity toward crotonyl CoA (0.35 umole) by 
the same heart extract submitted to heating for 2 minutes at 60° at pH 7.4 (75 y of 
protein). In B and C, the amounts of disodium Versenate, Tris buffer, and crys- 
talline egg albumin were the same as in A. 


and dialyzed rat liver extract, 2.9 mg. of protein. The triphenyltetra- 
zolium was found to be reduced at the rate of 0.25 umole per hour. 

The techniques presently in use are not satisfactory for the paper chro- 
matographic separation of isovaleryl CoA and B-MC CoA or of the corre- 
sponding hydroxamic acids, but, by taking advantage of the presence of 
crotonase in the liver extract, it was possible to show the formation of HIV 
CoA from isovaleryl CoA. After incubation of the latter compound with 
the enzyme preparation, the reaction mixture was chilled in an ice bath 
and adjusted to pH 4.5 by the careful addition of 1 n hydrochloric acid; 
aliquots were submitted to paper chromatography in ethanol-acetate (14). 
The results (Table I, Experiment 2) demonstrate HIV CoA formation. 
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For confirmation of the identity of the product, the thiol esters in aliquots 
of the reaction mixtures were converted to hydroxamates under the usual 
conditions. As anticipated, HIV hydroxamate (Ry 0.52) was detected 
only in the complete system; under the same conditions, the R- of an 
authentic sample of the compound was 0.52. 

Conversion of HIV CoA to Acetoacetate and Acetyl CoA in Enzyme Prep- 
arations Freed of Crotonase—Karlier isotopic studies clearly established the 


TABLE | 
Chromatographic Identification of HIV CoA Formed by Enzymatic Hydration 
of B-MC CoA 
Experiment | ove Rp values of Rp values of 
1 Complete 0.83, 0.58 
No enzyme 0O.SI 
Known 8-MC hydroxamic acid 0.83-0.85 
2 Complete 0.84, 0.62 
No isovaleryl CoA None 
Known isovaleryl CoA 0.60 
8-MC CoA 0.62 
si HIV CoA 0.88 


In Experiment 1, the complete system contained 1.0 wmole of 8-MC CoA, 1.2 mg. 
of crystalline egg albumin, 1.2 umoles of disodium Versenate, 60 umoles of Tris buffer, 
pH 7.4, and dialyzed extract of pig heart acetone powder (0.7 mg. of protein) ina 
final volume of 9.0 ml.; incubation, 20 minutes at 25°. To convert the CoA thiol 
esters present to the corresponding hydroxamic acids, 1.0 ml. of 2 M neutral hydrox- 
ylamine solution was then added, and the mixture was incubated for 60 minutes. 
The solution was adjusted to pH 4.5 with hydrochloric acid prior to desalting before 
chromatography. In Experiment 2, the complete system contained 50 yumoles of 
Tris buffer, pH 7.4, 6.0 umoles of isovaleryl CoA, 1 mg. of cytochrome c (as electron 
acceptor (12)), and dialyzed alcohol extract of rat liver (4.0 mg. of protein) in a final 
volume of 0.5 ml.; incubation, 30 minutes at 38°. 


formation of ‘‘acetate’’ (acetyl CoA) from carbons 1 and 2 of isovalerate 
and of acetoacetate from the reaction of the isopropyl moiety of isovalerate 
with carbon dioxide (15-19). All attempts in this laboratory to obtain 
evidence for a hypothetical 3-carbon intermediate derived from the 1iso- 
propy! group of isovalerate (18) were unsuccessful, and more recent studies 
have been carried out to determine whether carboxylation to furnish a 
6-carbon compound may precede the cleavage reaction. 

Since crotonase is known to catalyze the interconversion of B-MC CoA 
and HIV CoA, as described above, it was necessary to remove this enzyme 
from the dialyzed heart or liver extracts before testing which of these com- 
pounds might serve as the actual substrate for reaction with carbon diox- 
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ide. It was found that crotonase activity could be destroyed by heating 
the extracts for 2 minutes at 60° and at pH 7.4. After removal of de- 
natured protein by centrifugation, the supernatant solution (2.5 mg. of 
protein per ml.) was assayed spectrophotometrically with crotonyl CoA as 
substrate and found to have no measurable crotonase activity, in contrast 
to the unheated extract (3.2 mg. of protein per ml.). These findings are 
presented in Fig. 1, Curves B and C. Repeated freezing and thawing of 


TABLE II 


Conversion of HIV CoA to Acetoacetate and Citrate in Enzyme Preparation Freed 
of Crotonase 


— 


Experiment | HIV CoA added CoA | Citrate formed 
| pumoles | umoles | umole | umole 
1 | 2.0 | 0 | 0 | 0.26 
: 0 | 2.0 | 0 | 0.02 
0 2.0 | 10 |. ~ O20 
2 | 4.0 0 0 | 0.34 
0) 4.0 0 


| | | | | 

In Experiment 1, the complete system contained 500 umoles of Tris buffer, pH 8.1, 
200 ymoles of potassium bicarbonate, 20 wmoles of magnesium chloride, 26 umoles 
of cysteine, 10 umoles of ATP, heated crotonase-free alcohol extract of pig heart (6.2 
mg. of protein), and HIV CoA, B-MC CoA, and crotonase as indicated; final volume, 
4.2 ml.; incubation, 60 minutes at 38°. Acetoacetate was estimated by a modifica- 
tion of the method of Barkulis and Lehninger (20). In Experiment 2, the complete 
system contained 200 wmoles of potassium bicarbonate buffer, pH 8.1, 20 umoles of 
magnesium chloride, 5 wmoles of Versene (ethylenediaminetetraacetic acid), 20 
umoles of glutathione, 3 umoles of DPN, 10 uwmoles of ATP, 5 uwmoles of potassium 
malate, dialyzed alcohol extract of pig heart freed of crotonase by repeated freezing 
and thawing (4.2 mg. of protein), malic dehydrogenase (4 y of protein), crystalline 
condensing enzyme (16 y of protein), and HIV CoA or B-MC CoA as indicated: final 
volume, 2.2 ml.; incubation, 60 minutes at 38°. Citrate was estimated by the proce- 
dure of Natelson et al. (21). 


the unheated potassium chloride-alcohol extracts of tissue also result in 
loss of crotonase activity. 

With such crotonase-free preparations supplemented with suitable co- 
factors, it was possible to show that only HIV CoA furnishes the expected 
end-products, acetoacetate and acetyl CoA (Table II). In Experiment 1 
it was demonstrated that acetoacetate is readily formed from HIV CoA, 
but not from 6-MC CoA, in the heated enzyme preparation. The sole 
addition of 10 y of crystalline crotonase, however, permitted acetoacetate 
formation from the latter substrate, obviously leading to the conclusion 
that the hydration of B-MC CoA is obligatory before the occurrence of the 
carboxylation and cleavage reactions. This finding was totally unex- 
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pected, since one would predict that the methyl groups of the substrate 
with a conjugated double bond would be much more reactive than those of 
the corresponding hydroxy compound. This conclusion was confirmed 
in Experiment 2, in which the liberated acetyl CoA was measured by cit- 
rate formation in the presence of condensing enzyme (22), with malic 
dehydrogenase and malate serving as a source of oxalacetate. With the 


TABLE III 
Cofactor Requirements for Enzymatic Conversion of HIV CoA to Acetoacetate and 
Citrate 
Experiment No. System Acetoacetate formed Citrate formed 
umole umole 
1 Complete 0.24 
No bicarbonate 0.05 
ATP 0 
2 Complete 0.32 
No bicarbonate 0.08 
Arr 0.03 
“ HIV CoA 0 


In Experiment 1, the complete system contained 500 umoles of Tris buffer, pH 8.1, 
20 umoles of magnesium chloride, 26 wmoles of cysteine, 2.0 umoles of HIV CoA, 10 
umoles of ATP, 200 umoles of potassium bicarbonate, and a dialyzed ammonium 
sulfate fraction (0 to 0.8 saturation) of a heated crotonase-free alcohol extract of pig 
heart (32.5 mg. of protein); final volume, 4.2 ml.; incubation, 60 minutes at 38°. 
Acetoacetate was estimated colorimetrically (20), and the values obtained were 
corrected for traces of acetoacetate detected in control tubes containing no HIV 
CoA. In Experiment 2, the complete system contained 200 uwmoles of potassium 
bicarbonate, pH 8.1 (or 200 umoles of Tris buffer, pH 8.1, in the tube containing no 
bicarbonate), 20 wzmoles of magnesium chloride, 5 wymoles of dipotassium Versenate, 
20 umoles of glutathione, 3 uzmoles of DPN, 10 umoles of ATP, 5 umoles of potassium 
malate, 4.0 umoles of HIV CoA, dialyzed pig heart alcohol extract frozen and thawed 
to remove crotonase (5.1 mg. of protein), crystalline condensing enzyme (16 y of 
protein), and malic dehydrogenase (4 y of protein); final volume, 2.2 ml.; incubation, 
60 minutes at 38°. 


knowledge that HIV CoA is the intermediate leading to the final products 
of leucine metabolism, it was possible to formulate Reaction 3 with HMG 
CoA as the expected product of carboxylation. This product was pre- 
pared synthetically and found to undergo the expected enzymatic cleavage 
(Reaction 4) to yield equimolar amounts of acetoacetate and acetyl CoA 
(2, 5). 

Cofactor Requirements for Conversion of HIV CoA to Acetoacetate and 
Acetyl CoA—The data in Table III demonstrate that the conversion of 
HIV CoA to acetoacetate and acetyl CoA, measured as citrate, proceeds 
only in the presence of added ATP. Presumably ATP serves as a source 
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of energy for the carboxylation step by some as yet undefined mechanism. 
It is also evident that this conversion is markedly decreased when bicar- 
bonate is omitted; the slight activity detected under these conditions is 
undoubtedly due to traces of bicarbonate in the other reagents employed, 
for no attempt was made to exclude carbon dioxide from these solutions. 
Magnesium ions and a thiol (cysteine or glutathione) are known to be re- 
quired for the enzymatic cleavage of HMG CoA (5) and were therefore 
included in the present experiments. Purification of the carboxylase will 
be required in order to determine whether these cofactors are necessary for 
carbon dioxide fixation as well as for the cleavage reaction. On the other 
hand, neither ATP nor bicarbonate is necessary, or even stimulatory, for 


TABLE IV 
Inhibition by Malate of Enzymatic Cleavage of HMG CoA 


HMG CoA added | Malate added | Per cent inhibition 
} 


pmoles umoles | 
0 
5 
20 
40 
SO | 


The test system contained 500 umoles of Tris, pH 8.1, 20 wmoles of magnesium 
chloride, 13 wmoles of cysteine, 0.60 mg. of HMG CoA cleavage enzyme having a spe- 
cific activity of 7.0 (5), and HMG CoA and malate as indicated; final volume, 2.4 ml.; 
incubation, 30 minutes at 38°. The acetoacetate formed by HMG CoA cleavage was 
estimated colorimetrically. 


the cleavage reaction (5), and it is concluded that they are concerned ex- 
clusively with the carboxylation reaction. 

Conversion of HIV CoA to HMG CoA in Presence of Malate As Inhibitor 
of Cleavage Enzyme—It was desired to supplement the evidence already 
presented with a more direct demonstration of the formation of HMG CoA 
from HIV CoA and bicarbonate. A number of attempts to accomplish 
this were unsuccessful, presumably because the HMG CoA formed is 
rapidly split by the cleavage enzyme present in the crude heart or liver 
extracts containing the carboxylase. It has recently been found in the 
course of efforts to devise a spectrophotometric assay for HMG CoA cleav- 
age that malate is an inhibitor of this reaction, as indicated in Table IV, 
and advantage has been taken of this finding to permit the accumulation 
of small amounts of the product of carbon dioxide fixation. When malate 
is present in incubation mixtures containing HIV CoA, bicarbonate, 
crotonase-free heart enzyme, and the necessary cofactors, the accumula- 
tion of HMG CoA can be demonstrated by chromatography of the hy- 
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droxamates of the resulting thiol esters (Table V, Experiment 1). HMG 
hydroxamic acid (R, 0.32) was identified by comparison with the authentic 
compound (Ry 0.33). HIV hydroxamic acid and acetohydroxamic acid 
were also identified, the latter representing acetyl CoA derived from cleavy- 
age of a portion of the HMG CoA formed. Suitable controls demon- 


TABLE V 
Enzymatic Conversion of HIV CoA to HMG CoA in Presence of Malate 
Acetoacetate 
Experiment} HIV CoA Malate h ae values of d R —— of formed from 
No. added added eluted HMG 
pmoles pmoles umole 
1 8.0 SO 0.32 (HMG) 
0.45 (acetate) 
0.58 (HIV) 
2 8.0 20 0.52 (HMG) 0.45 
0.64 (acetate) 
0.85 (HIV) 


In Experiment 1, the system contained 450 wmoles of potassium bicarbonate, 45 
umoles of glutathione, 50 umoles of magnesium chloride, 10 wmoles of dipotassium 
Versenate, 20 umoles of ATP, alcohol extract of pig heart freed of crotonase by 
freezing and thawing (8.4 mg. of protein), and HIV CoA and malate as indicated; 
final volume, 4.4 ml.; incubation, 60 minutes at 38°. The thiol esters present were 
then converted to the hydroxamic acids, the solution was adjusted to pH 4.5 with 
dilute hydrochloric acid and desalted, and aliquots were submitted to chroma- 
tography in water-saturated butanol at 30°. In Experiment 2, the system contained 
200 umoles of potassium bicarbonate, 20 wmoles of glutathione, 20 uwmoles of mag- 
nesium chloride, 5 umoles of dipotassium Versenate, 10 umoles of ATP, alcohol ex- 


tract of pig heart freed of crotonase by freezing and thawing (4.2 mg. of protein), | 


and HIV CoA and malate as indicated; final volume, 2.4 ml.; incubation, 60 minutes 
at 38°. The pH was then adjusted with dilute hydrochloric acid to 4.5 in the cold, 
and the entire solution was streaked on a cylinder of Whatman No. 3 paper and sub- 
mitted to chromatography in ethanol-acetate at 4°. The band at Rp 0.52 (HMG 
CoA) was eluted with water at 4° and incubated with 200 uwmoles of Tris buffer, pH 
8.1, 13 umoles of cysteine, 20 umoles of magnesium chloride, and HMG CoA cleav- 
age enzyme having a specific activity of 7.0 (2.4 mg. of protein); final volume, 1.0 
ml.; incubation, 60 minutes at 38°. 


strated the requirement of HIV CoA, bicarbonate, malate, and enzyme 
for the formation of detectable amounts of HMG hydroxamate. 

In a second experiment in which HIV CoA and bicarbonate were in- 
cubated with a crotonase-free heart extract in the presence of malate, the 
entire reaction mixture was submitted to chromatography in ethanol-ace- 
tate on Whatman No. 3 paper at 4°. Three distinct bands were seen under 
ultraviolet light, and, when a narrow strip of the chromatogram was 
sprayed with the usual nitroprusside reagents, three thiol esters were de- 
tected corresponding in Ry to the CoA esters of HMG, acetate, and HIV. 
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For confirmation of the identity of the HMG CoA, the band at Ry 0.52 
was eluted with cold water, and an aliquot was incubated with the cleavage 
enzyme under suitable conditions for the formation of acetoacetate. The 
yield (0.45 umole) corresponds to about 6 per cent of the initial HIV CoA. 
As expected, another aliquot of the eluate, incubated under the same condi- 
tions but without added cleavage enzyme, furnished no acetoacetate. 


DISCUSSION 


As indicated above, earlier isotopic studies on isovalerate degradation 
indicated the occurrence of cleavage of the carbon chain and of carboxyla- 
tion of a methyl group with formation of both acetoacetate and “active 
acetate” (acetyl CoA) as end-products (15-19). Although it was recog- 
nized that some more complicated mechanism could not be ruled out, it 
was initially proposed as a working hypothesis that cleavage to furnish a 
3-carbon compound from the isopropyl group of isovalerate or its deriva- 
tives might precede the carboxylation step (18). However, all attempts 
in this laboratory to isolate the postulated 3-carbon compound or to show 
consistent stimulation of carbon dioxide incorporation into the carboxyl 
position of acetoacetate in the presence of added cofactors and 3-carbon 
compounds were unsuccessful.’ It is clear from the present enzymatic 
studies that the carboxylation step (Reaction 3) must precede the cleavage 
step (Reaction 4), and it should be pointed out that this reaction sequence 
is in accord in every respect with the previous isotopic findings. Further- 
more, the data account for the strongly ketogenic properties of leucine 
and its degradation products‘ and support the statement (18) that under 
suitable conditions, as in the diabetic organism, a mole of leucine could 
give rise to as much as 1.5 moles of ketone bodies (1 mole of acetoacetate 
in addition to 0.5 mole generated from acetyl CoA). 

- From the evidence given it is apparent that the carboxylation and cleav- 
age reactions occur as follows: 


COOH 
CH; CO2 CH: 
| ATP | 
CH, + 
CO—S-CoA CO—S-CoA CH;—CO—S-CoA 
HIV CoA HMG CoA 


*Coon, M. J., unpublished data. 

‘Almost 50 years ago, Friedmann (23) presented evidence from liver perfusion 
studies for acetoacetate formation from HIV; the early work demonstrating the 
ketogenic properties of leucine and isovalerate has been summarized elsewhere (16). 
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The possibility may be dismissed that by a more complicated reaction than el 

that pictured here the thiol ester linkage of HIV CoA is broken and CoA t] 

becomes attached to the HMG carboxyl group which is generated from tl 

carbon dioxide. Such a mechanism would be incompatible with the iso- sl 

topic studies which indicated that the isopropyl group of isovalerate does 

not contribute to acetyl CoA formation. | ts 
Although preliminary experiments indicate that Reaction 4 is not readily d 

reversible, it is possible that this could be demonstrated if the condensation 

of acetoacetate and acetyl CoA were coupled with the decarboxylation of | 

HMG CoA (reversal of Reaction 3). In attempts to study the carboxyla- 

tion step in detail and to purify “hydroxyisovaleric carboxylase” of heart v 

and liver tissue, it has become apparent that two distinct enzymatic ac- tl 


tivities may be involved: (a) activation of carbon dioxide in the presence 
of ATP, and (b) condensation of “activated carbon dioxide” with HIV fr 


CoA (4). As pointed out above, it was completely unexpected that car- a 
bon dioxide would be found to react with the relatively inert methyl groups e 
of HIV CoA rather than those of B-MC CoA. The formation of “aeti- fil 
vated carbon dioxide,” however, might account for the utilization of the i 
energy of ATP in promoting a carboxylation of this type. fc 
It is widely recognized that the 5-carbon skeleton of isoprene is a basic 
structural unit of a variety of naturally occurring substances such as nat- sh 
ural rubber, steroids, terpenes, essential oils, and many alkaloids and of 
Vitamins. Evidence is accumulating in various laboratories that a com. Ww 
pound closely related to the intermediates in leucine degradation may be cl 
the biological precursor of the isoprene unit in natural products and that 
these intermediates may be formed not only from this amino acid, but also to 
by condensation of smaller straight chain compounds, as from acetoacetate cc 
and acetyl CoA by the reversal of Reactions 1 to 4. The status of this a 
problem has recently been summarized by investigators active in the study C0 


of steroid biosynthesis in animal tissues, notably Rabinowitz and his as- 
sociates (24), Bloch ef al. (25), and Rudney and Farkas (26), and our 


present knowledge of the biosynthesis of branched chain precursors of 1 
natural rubber has recently been discussed by Bonner (27). 
2 
Methods 


CoA, ATP, isovaleric acid, and crystalline egg albumin were commercial 
products. ®8-MC was prepared by hypochlorite oxidation of mesitvi oxide 4. 
according to Smith ef al. (28) and purified by sublimation. HIV was syn- 5 
thesized by hypochlorite oxidation of diacetone alcohol and purified as 
the silver salt as described by Pressman and Lucas (29). The silver salt 
was decomposed with hydrogen sulfide, and the HIV was concentrated in 7 
vacuo, dried in a desiccator over calcium chloride, and stored at 4°. Co- 8 
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enzyme A thiol esters of isovaleric acid, 8-MC, and HIV were prepared by | 
the general method of Wieland and Rueff (30). The concentration of 
thiol esters prepared in this manner was estimated on the basis of CoA 
sulfhydryl disappearance (31). 

Crystalline crotonase was kindly furnished by Dr. J. R. Stern and crys- 
talline condensing enzyme by Dr. S. Ochoa. Highly purified malic dehy- 
drogenase was prepared from pig heart according to Straub (82). 


SUMMARY 


1. Enzyme extracts of heart and liver bring about the oxidation of iso- 
valeryl CoA, an intermediate in leucine metabolism, to B-MC CoA, and 
the hydration of B-MC CoA, catalyzed by crotonase, to furnish HIV CoA. 

2. In the presence of ATP, bicarbonate, and an enzyme preparation 
freed of crotonase, HIV CoA undergoes carboxylation and cleavage to yield 
acetoacetate and acetyl CoA. B-MC CoA is inert in this test system, how- 
ever, unless crotonase is added to permit hydration. The unexpected 
finding that carboxylation occurs on a relatively inert methyl group of 
HIV CoA, rather than on that of B-MC CoA, is believed to be accounted 
for by the finding that A'TP serves as a source of energy for the reaction. 

3. The carboxylation product, HMG CoA, previously synthesized and 
shown to undergo rapid enzymatic cleavage to produce equimolar amounts 
of acetoacetate and acetyl CoA, accumulates when HIV CoA is incubated 
with ATP and bicarbonate in the presence of malate as an inhibitor of the 
cleavage enzyme. 

4. The enzymatic steps outlined account for the results of previous iso- 
topic studies on isovalerate degradation. In addition, they support the 
conclusion that under appropriate conditions, as in the diabetic organism, 
a mole of leucine could give rise to 1.5 moles of ketone bodies, thereby ac- 
counting for the strongly ketogenic properties of this amino acid. 
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EVIDENCE FOR COMPLEX ION FORMATION IN THE 
CALCIUM BICARBONATE SYSTEM* 
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B. J. MULRYAN, ann HAROLD CARPENTER HODGE 


(From the Division of Pharmacology and Toxicology, Department of Radiation Biology, 
University of Rochester School of Medicine and Dentistry, 
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(Received for publication, August 1, 1955) 


For many years it has been known that calcium forms relatively undis- 
sociated complexes with a number of anionic substances, among which 
citrate (1-6), protein (7-18), orthophosphate (19-22), adenosine triphos- 
phate, and adenosine diphosphate (23, 24) are probably the most important 
physiologically. Despite the concentrations of bicarbonate present in 
blood and the fact that bicarbonate forms complexes with certain cations 
(25-27), no study has been found of the interaction between bicarbonate 
and the calcium ion. Although this investigation of the caletum-bicar- 
bonate system has established the existence of a complex ion, it is so 
highly dissociated that it is of doubtful physiological significance and its 
exact characterization has not been attempted. 


Methods and Results 


To prove complex ton formation, the ion exchange method of Schubert 
(28) was employed. ‘The equilibrium between free calcium ton in solution 
and calcium bound by an insoluble cation exchange resin (Dowex 50) ts 
defined quantitatively; then bicarbonate ions are added to the solution and 
the competition between bicarbonate tons and the resin for calerum tons is 
measured, Under proper experimental conditions, the following equation 
derived from the law of mass action (28) governs the system. 


Kua Ka, 
where Ky = (per cent Ca in resin/per cent Ca in solution) & (volume 
solution/mass of resin); Kg, = Ka with no complexer present; A, = the 
dissociation constant of the complex ion; [C] = the molar concentration of 


the complexer, bicarbonate; y = the number of molecules of ligand per 


* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at the University of Rochester Atomic Energy Project, 
Rochester, New York, and in part supported bya grant from The Procter and Gamble 
Company, Cincinnati, Ohio. 
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complex ion. A linear relationship between 1/Kqg and [C]y is excellent 
evidence of complex ion formation (28). 


lOOr 
0 °0 05 i5 2 2 
MOLARITY OF BICARBONATE C* = [HCO3] 


Fic. 1 Fia. 2 
Fig. 1. Results of ion exchange studies showing complex ion formation. Con- 
ditions: pH = 7.3 + 0.2; = 1; resin = Dowex 50. 
Fig. 2. Results of ion exchange studies plotted against the square of the bicar- 
bonate concentration. Two series of tests are plotted, one as solid circles, the other 
as open circles. 


The sample of radioactive Ca‘** (carrier-free) obtained from the Oak 
Ridge National Laboratory was first ashed to remove traces of organic 
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Fic. 3. Results of ultrafiltration of sera showing an increase in ultrafilterable 
calcium at elevated bicarbonate concentrations. 


matter, dissolved in dilute HCl, and made to a convenient volume.  Ali- 
quots were added to solutions varying in bicarbonate concentration, but 
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with an ionic strength maintained at unity with NaCl and a pH kept ap- 
proximately constant at 7.3. To 10 or 15 ml. of such solutions about 
1 gm. of air-dried Dowex 50 in the sodium form was added. After vigor- 
ous shaking for 4 to 6 hours (28), 2 ml. aliquots were removed for radioactive 
assay with a thin window Geiger-Miiller counter. Aliquots of a Ca‘ 
standard were counted at the same intervals. These data are presented in 
Figs. 1 and 2. 

As a confirmation of the resin results, ultrafiltration experiments with 
beef serum were conducted. Fresh beef blood, having clotted, was centri- 
fuged and the clear supernatant serum frozen and kept at —20° until 
used. ‘To the thawed serum was added either HCl or NaOH dropwise to 
obtain samples varying in base-combining power. The adjusted serum 
was equilibrated with 100 per cent CO, to bring to pH 7.8, then ultra- 
filtered (29) and the ultrafiltrate analyzed for calcium by flame photom- 
etry (30) and for CO, by gasometric analysis (31). These results are given 
in Fig. 3. 


DISCUSSION 


There are at least three likely complex ion species: CaHCO;+, Ca- 
(HCO 3)2°, and CaCO;°. With the present data, a rigorous discrimination 
cannot be claimed; however, the evidence is persuasive that one form, 
CaHCO;*, predominates. The least probable species is the uncharged 
CaCO;° complex; the concentration of this complex should increase with 
CO; concentration. In these studies at pH 7.3, minor variations in the 
actual pH would have but little effect on the [HCO;s], but would cause 
enormous variation in [CO 3]. Actually, pH variation from 7.2 to 7.6 had 
no demonstrable effect on the equilibrium, and it may be concluded, there- 
fore, that [CaCO,;°| was not an important ion species under the conditions 
of the experiment. 

If the important ion form were CallCO,;t, both ionie Ca and the com- 
plex would be adsorbed by the resin. Tlowever, because of its lower 
charge-density, the complex ion would be less firmly held by the exchange 
resin. Under these conditions, the equilibrium may be described mathe- 
matically as follows: 


where K,* is the Ky for the binding of the complex ion, CallCO,+ and all 
the other terms are as previously described. 

If, as seems likely, Ku* < Ka, a plot of 1/Ka versus C to the first power 
should approximate linearity. Such a plot is given in Fig. 1 and the data, 
indeed, fit the hypothesized relation. 
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If the important ion form is Ca(HCQs;).°, y = 2 and a plot of 1/K, 
versus C? should be linear. The data are so presented in Fig. 2 and there 
appears to be some divergence from linearity at high [HCO;-]. In either 
case, the complex ion is highly dissociated. For example, the dissociation 
constant, K.(CaHCO;*) at u = 1 and pH = 7.3 is approximately 0.41 + 
0.1. 

The ultrafiltration results (Fig. 3) offer a qualitative confirmation of 
these conclusions. Whereas at high concentrations bicarbonate ion is ef- 
fective in competing with protein for calcium ion, thereby increasing the 
ultrafilterable calcium, in the physiological range of concentrations signifi- 
cant complex ion formation, 7.e. increased ultrafilterable Ca, could not be 
demonstrated, as the [HCO;-] concentration was increased over 5 times 
that normally observed in vivo. 

It is now possible to describe the transport of calcium in the blood as 
follows: calcium ion, Ca**, 48 per cent, calcium phosphate complex 5 per 
cent, calcium bicarbonate complex 3 per cent, calcium citrate complex 3 per 
cent, protein-bound calcium 41 per cent. The percentage of calcium car- 
ried in other, unidentified complexes is negligible. 


SUMMARY 


Ion exchange studies which employ radiocalcium and ultrafiltration stud- 
ies of bovine serum have furnished evidence of complex ion formation in 
the calcium-bicarbonate system. The complex ion (probably CaHCO;*) 
has not been fully characterized, but is so highly dissociated that only an 
insignificant fraction of the calcium in serum can be bound as a bicar- 


bonate under physiological conditions. 
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ENZYMATIC CONVERSION OF L-FUCOSE TO L-FUCULOSE 


By MAURICE GREEN* ann SEYMOUR 8. COHEN 


(From the Department of Biochemistry, School of Medicine, University of Pennsylvania, 
and the Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania) 


(Received for publication, August 9, 1955) 


Although the methylpentose, L-fucose, is of wide occurrence and of bio- 
logical importance, little information is available on its metabolism. Fu- 
cose is an important constituent of human blood group substances (1-4), 
occurs in human serum and urine mucoproteins (5) as well as in virus 
hemagglutination-inhibitory mucoproteins in urine and saliva (6, 7), and 
is found in large amounts in marine and other organisms (8-12). 

In 1953 Cohen reported (13) that cell-free extracts of a p-arabinose- 
adapted strain of Escherichia coli not only would convert p-arabinose to 
p-ribulose but also would convert L-fucose to a substance which gave 
the cysteine-carbazole reaction (14) and therefore was presumably a keto 
sugar. In this paper is described the growth of the mutant strain, FL. 
coli Bais, on L-fucose, the first step in the metabolic utilization of this 
sugar which appears to consist of the enzymatic isomerization to the keto 
sugar, L-fuculose, and the isolation and characterization of this ketose. 
A preliminary report of this work has appeared (15). 


Materials and Methods 


L-Fucose and p-arabinose were Pfanstiehl products. p-Ribulose was 
prepared enzymatically from p-arabinose (13). All melting points were 
determined with a Fisher-Johns apparatus and are uncorrected. 

The properties of the mutant strain, F. coli Bais, have been described 
(13). Overnight cultures were grown to about 1.2 < 10° cells per ml. 
with aeration at 37° in mineral medium (16) containing 1 mg. of glucose 
per ml. as the sole carbon source. These cultures were then used to inocu- 
late experimental flasks (17) in all growth experiments. Cultures were 
then aerated at 37° and turbidity readings were taken every 20 minutes on 
a Klett-Summerson colorimeter fitted with a 420 my filter. For the prep- 
aration of cell-free extracts having high arabinose and fucose isomerase 
activities, bacteria were grown in 1 liter batches in mineral media (16) 
containing 0.2 mg. of glucose plus 0.8 mg. of arabinose or fucose per ml. 
and harvested by centrifugation just before completion of exponential 
growth on pentose. The moist bacterial pellets were ground with 3 times 
the weight of alumina for 5 minutes and extracted with 10 volumes of water, 
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followed by centrifugation. ‘The enzyme extracts referred to in the text 
consist of cell-free extracts of arabinose-adapted strain Bi, unless other- 
wise stated. 

Fuculose was determined by the cysteine-carbazole reaction (14). The 
maximal color, which developed in 2 hours, was measured on a Klett- 
Summerson colorimeter equipped with a 540 mu filter. L-Fuculose o-nitro- 
phenylhydrazone (its preparation is described below) was found to be a 
satisfactory standard and gave the same molar color yield as L-fuculose. 
Fuculose was obtained in nearly quantitative yield from the o-nitropheny]- 
hydrazone by treatment with benzaldehyde (18). A color yield of 300 
Klett units per 0.1 umole was found for fuculose as compared to 250 for 
ribulose and xylulose. Fucose gave only slight color in the cysteine-car- 
bazole determination, less than 1 per cent of that of fuculose. 

Fuculose gave the spectrophotometric methylpentose test described by 
Dische and Shettles (19). Optical density differences of 0.28 in the 3 
minute cysteine reaction were observed for 10 y of fuculose as compared 
to 0.22 for fucose in 1.00 cm. cells with a Beckman DU spectrophotometer. 


Results 


Growth Experiments—The growth of strain B,1s on glucose, fucose, and 
arabinose is presented in Fig. 1. When bacteria were grown on inorganic 
salts plus glucose, after a 20 minute lag period, exponential growth oc- 
curred until complete utilization of the carbohydrate. When grown on 
mixtures of glucose + fucose, glucose + arabinose, or even glucose + 
arabinose + fucose, the typical two-step process of the diauxie phenomenon 
(20) was observed in all three cases. The organisms grew first on glucose 
until that substrate was exhausted. During the ensuing lag period adap- 
tive enzymes were formed for the metabolism of fucose or arabinose or 
both and growth then continued on these sugars. When grown on either 
fucose or arabinose alone, exponential growth took place after a long lag 
period. 

The similar growth patterns of strain L. coli Bais on fucose and arabinose 
and the structural similarities of the two sugars which are identical in 
configuration at C-2 to C-4 suggest that the same enzyme orenzymes may be 
involved in the utilization of these sugars. As a test of this hypothesis, 
separate cultures of strain B,1; were adapted to growth on either arabinose 
or fucose, centrifuged, washed, and resuspended in either arabinose or 
fucose. The results of these experiments are presented in Fig. 2. 

When bacteria were grown on glucose and resuspended in glucose at the 
arrow (Curve B (G) + G),! they resumed exponential growth without any 
appreciable lag period. When bacteria were grown on glucose + fucose, 


'B = bacteria, G = glucose, F = fucose, A = arabinose. 
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and therefore adapted to fucose, upon resuspension in either fucose or 
arabinose at the arrow (Curves B (G+ F) + F and B (G + F) + A), 


immediate exponential growth was obtained in both cases. This indicates 
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Fic. 1. Thegrowthof coli B,;; on p-glucose, L-fucose, and p-arabinose. Mineral 
media containing the following concentrations of sugars were inoculated with 1 ml. 
of over night culture. Final volume 20 ml. Curve G, 1 mg. of glucose per ml.; 
Curve G + F,0.2 mg. of glucose + 0.8 mg. of fucose per ml.; Curve G + A, 0.2 mg. of 
glucose + 0.8 mg. of arabinose per ml.; Curve G + A + F, 0.2 mg. of glucose + 0.3 
mg. of arabinose + 0.5 mg. of fucose per ml.; Curve F, 1 mg. of fucose per ml.; 
Curve A, 1 mg. of arabinose per ml. 

Fig. 2. Growth of fucose-adapted and arabinose-adapted EF. colt Bais in L-fueose 
and p-arabinose. Bacteria were adapted to either fucose or arabinose by diauxic 
growth in either 0.1 mg. of glucose + 0.4 mg. of fucose per ml. (B (G + F)) or 0.1 mg. 
of glucose + 0.4 mg. of arabinose per ml. (B (G+ <A)), respectively, in 20 ml. of min- 
eral media. Cells were harvested at a turbidity of about 60 (at the arrows), centri- 
fuged, washed in mineral media, and resuspended in 20 ml. of mineral media con- 
taining either 0.8 mg. of fucose (+F) or arabinose (+A) per ml. Growth was 
followed turbidimetrically. Bacteria grown in 0.5 mg. of glucose per ml. and re- 


suspended in 0.8 mg. of glucose per ml. (Curve B (G) + G) are ineluded as a con- 
trol. 


that fucose will induce the biosynthesis of the ‘adaptive enzymes” required 
for the metabolism of both fucose and arabinose. 

However, when bacteria were grown on glucose + arabinose, and there- 
fore adapted to arabinose, although immediate exponential growth oc- 
curred when suspended in arabinose (Curve B (G + A) + A), a maximal 
rate of exponential rate was obtained on fucose only after a long lag period 
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of relatively slow growth (Curve B (G + A) + F). This would suggest 
that the presence of fucose is necessary for the adaptive formation of an 
enzyme or enzymes unique to the metabolism of fucose in this organism. 
The growth of the parent strain, . coli B, was also tested on arabinose 
and fucose. Diauxic growth was observed on glucose + arabinose. One- 
half the growth rate occurred on arabinose as shown by strain Bas. EF. 
coli B was originally reported (13) to be incapable of growth on arabinose 
and it is likely that the present observed growth is due to mutative varia- 
tion occurring during years of culture passage. In contrast, E. coli B 
did not grow on fucose either alone or when combined with glucose. When 
suspended in glucose + fucose, bacterial growth stopped abruptly after 
exhaustion of glucose and did not commence on fucose even after 9 hours 


of incubation. 


Action of Pentose Isomerase on L-Fucose 


The first step in the utilization of p-arabinose by strain Bais is its con- 
version to the ketopentose, p-ribulose (13), by a pentose isomerase of which 
several are now known (13, 21, 22). The analogous reaction with L-fucose 
would yield the ketose, t-fuculose (see the accompanying structures). In 


H—C=0O CH:0H 
HO—C—H 
HO—C—H HO—C—H 
CH; CH; 
L-Fucose L-Fuculose 


order to test for the presence of an isomerase acting on fucose, cell-free 
extracts of strain B,1; adapted to arabinose and fucose were prepared. 
The activity of these extracts in converting fucose and arabinose to fuculose 
and ribulose, respectively, is presented in Fig. 3. Initial linear formation 
of ketopentose was obtained in all four cases. Enzyme preparations from 
bacteria adapted to either fucose or arabinose were active on both fucose 
and arabinose. With either enzyme preparation, 23 times the activity 
was shown towards fucose as towards arabinose. The formation of fucu- 
lose from fucose was readily demonstrated by paper chromatography ina 
number of solvents, optimal separation of the two sugars being achieved 
with methyl ethyl ketone-propionic acid-water (23) in which fucose and 
fuculose had Rp vaiues of 0.35 and 0.50, respectively. After spraying the 
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papers with m-phenylenediamine in ethanol (24) and heating at 90° for 
10 minutes, fucose gave a brown spot and fuculose a yellow spot. The 
fueulose spot was much more readily observed under ultraviolet light. 

The same ratio of activity of the two enzyme preparations on fucose com- 


, pared to arabinose (Fig. 3) suggests that one isomerase enzyme acts on 
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Fic. 3. Activity of cell-free extracts of fucose-adapted and arabinose-adapted 
(E,) strain B,;; on L-fucose and p-arabinose. Reaction mixtures containing 1 mg. of 
fucose or arabinose, 80 umoles of borate buffer at pH 8.0, and 0.1 ml. of diluted enzyme 
extract in a total volume of 1.0 ml. were incubated at 37°. Aliquots of 0.1 ml. 
were removed at intervals, diluted with 9 volumes of 0.1 N HCl to stop the reaction, 

and assayed for fuculose and ribulose by the cysteine-carbazole procedure (14). 


both sugars. Further evidence supporting this is presented in Table I. 


Extracts of arabinose-adapted bacteria and fucose-adapted bacteria had 
the same F:A ratio. Furthermore, treatment of enzyme preparations by 
fractionation procedures by which we might expect to discriminate be- 
tween two different isomerases did not change the F:A ratio of activity 
(Table I). In addition, ribulose formation from arabinose by enzyme 
extracts was found to be inhibited over 90 per cent by 0.08 m Veronal, 
tris(hydroxymethy])aminomethane, and glycyl-glycine buffers at pH 8.0 as 
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well as by traces of ether or thymol. A similar inhibitory effect of tris(hy- 
droxymethyl)aminomethane and glycyl-glycine buffers was also observed 
when tested on fucose, again suggesting the identity of isomerase enzymes. 
Thus several lines of indirect evidence strongly suggest that only one en- 
zyme acts on both fucose and arabinose. 


KL ffect of Borate on Conbersion of Fucose to Fuculose 


Cell-free extracts of strain Bars Were found to convert fucose to fuculose 
to the extent of 11 per cent at equilibrium at pH 8.0 in phosphate buffer. 
Borate has been observed to trap ketopentose (13), and, since maximal 
conversion of fucose to fuculose was desired for preparative purposes, a 
study was made of the effeet of borate on the fucose-fuculose equilibrium, 


TABLE 
Comparative Activity of Isomerase Preparations on u-Fucose and v-Arabinose 


Preparation Ratio,* 


A. Extract of arabinose-grown bacteria.................. 2.3 
After 80% heat denaturation at 56°................... 2.6 

Ppt. 50% saturated (NH4).SO,q....................... 2.4 

B. Extract of fucose-grown bacteria..................... 2.4 


* Initial rate of ketopentose formation (in moles) with fucose as substrate divided 


by initial rate with arabinose as substrate. Experimental procedure as described in 


Fig. 3. 


The results presented in Fig. 4 show that a molar ratio of borate to fucose 
of 50:1 would shift the equilibrium from 11 per cent to a maximum of 85 
per cent fuculose. Similarly, a 25:1 ratio of borate to arabinose gave a 
maximal formation of 85 per cent ribulose. 


Isolation of u-Fuculose o-Nitrophenylhydrazone from L-Fucose 


2 gm. quantities of fucose in 1 liter of 0.4 m borate buffer at pH 8.0 were 
converted enzymatically to mixtures of 85 per cent fuculose-15 per cent 
fucose by 30 ml. of cell-free extract of arabinose-adapted strain Bais by 
employing essentially a procedure described for ribulose preparation (13). 
After deproteinization by treatment with an equal volume of ethanol, con- 
centration, deionization, and removal of the borate by distillation as methy! 
borate, the mixture of fuculose and fucose (90 to 100 per cent recovery) 
was converted to the o-nitrophenylhydrazone derivatives which were read- 
ily separated by fractional crystallization. For example, 1.5 gm. of a mix- 
ture of fuculose and fucose prepared as described above were treated with 
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1.5 gm. of o-nitrophenylhydrazine in 60 ml. of absolute ethanol at room 
temperature for 6 days. The mass of dark orange crystals which separated 
was filtered and washed with cold absolute ethanol and ether to give 1.2 
gm. of L-fuculose o-nitrophenylhydrazone; yield, 55 per cent of theory. 
This derivative, which appeared as clusters of rod-shaped crystals under 


RIBULOSE 


g 


FUCULOSE 


% FORMATION 
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fe) 20 30 #40 50 
MOLAR RATIO (BORATE /PENTOSE) 

Fig. 4. Effect of borate on the equilibrium concentration of L-fuculose and p-ri- 
bulose formed from L-fucose and pD-arabinose. Reaction tubes containing 1 mg. of 
fucose or arabinose, 9 to 340 umoles of borate buffer at pH 8.0, and 0.1 ml. of enzyme 
extract for each 1.0 ml. of solution were incubated at 37° until equilibrium was at- 
tained as indicated by maximal formation of ketopentose. Aliquots of 0.1 ml. were 
removed at intervals, diluted with 9 volumes of 0.1 N HCl to stop the reaction, and 
analyzed for fuculose and ribulose by the cysteine-carbazole procedure (14). 


the microscope, melted at 162-163°, the melting point not being raised by 
repeated crystallization from absolute ethanol. Analysis? of three times 
recrystallized material gave the following. 


Ci2Hiz06N3. Calculated, C 48.2, H 5.7, N 14.0; found, C 48.9, H 5.6, N 13.7 


Light orange crystals separated from the mother liquor and were shown to 


*The analyses were kindly performed by the Microanalytical Laboratory of The 
Upjohn Company, Kalamazoo, Michigan. 
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be identical with L-fucose o-nitrophenylhydrazone prepared from fucose; 
m.p., 182-183°. 
Cy2Hi706N;3. Calculated, C 48.2, H 5.7, N 14.0; found, C 48.3, H 5.7, N 14.0 
Preparation of t-Fuculose and Proof of Structure 


L-Fuculose, quantitatively regenerated from the o-nitrophenylhydrazone 
derivative isolated above, was shown to be the 2-keto analogue of L-fucose 
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Fic. 5. Equilibrium of fucose-fuculose interconversion. Reaction mixtures con- 
taining either 1.3 umoles of L-fuculose or 6.1 umoles of L-fucose, 50 umoles of phos- 
phate buffer at pH 8.0, and 46 enzyme units (13) in 1.0 ml. of solution were incubated 
at 37°. The control tubes contained no enzyme. Aliquots of 0.1 ml. were removed 
at intervals, diluted with 9 volumes of 0.1 N HCl, and assayed for fuculose by the 
cysteine-carbazole procedure (14). 


by conversion to a phenylosazone identical to fucosazone (25). L-Fucose 
phenylosazone and t-fuculose phenylosazone were both obtained as yellow 
needles which after three recrystallizations melted with decomposition at 
171-172°, mixed m.p., 171-172°. Although this derivative has been re- 
ported as melting at 178° (25), it was found that the melting point (a de- 
composition point) was not a reliable constant and varied with the rate of 
heating. As further criteria of identity of these two derivatives, the ab- 
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sorption spectra in ethanol were determined between 230 and 500 mu. 
The spectra of Lt-fucose phenylosazone and t-fuculose phenylosazone were 
found to be identical with maxima at 255, 310, and 395 mu. | 
L-Fuculose appears to be the same compound prepared in 1937 by Bar- 
nett and Reichstein (26) by epimerization of L-fucose in pyridine. Al- 
though these workers termed the compound t-tagatomethylose, it was 
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Vs 

Fic. 6. Effect of substrate concentration on the velocity of the isomerization 
reaction. The reaction mixtures contained 50 umoles of phosphate buffer at pH 
8.0 in 1.0 ml. of solution. Fucose and arabinose reaction rates were measured by 
the formation of ketopentose, while fuculose and ribulose reaction rates were meas- 
ured by the disappearance of ketopentose by the cysteine-carbazole procedure (14). 


later referred to as u-fuculose (27). Barnett and Reichstein separated 
fuculose from fucose in the epimerization reaction mixture by conversion to 
the o-nitrophenylhydrazone derivatives and fractional crystallization to 
give an over-all yield of L-fuculose o-nitrophenylhydrazone of about 8 per 
cent starting from fucose. In the enzymatic preparation an over-all yield 
of about 50 per cent was obtained. Barnett and Reichstein reported a 
melting point for their L-fuculose o-nitrophenylhydrazone of 161—162° as 
compared to 162—163° reported here for L-fuculose o-nitrophenylhydrazone. 
Their L-fucose o-nitrophenylhydrazone melted at 181° compared to the 
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melting point 182—183° reported here for this derivative. Thus it appears 
that these compounds are identical. A later report describes the crys- 
tallization of t-fuculose (28). 


Reversibility and Equilibria of Fucose-Fuculose Reaction 


The enzymatic isomerization of fucose to fuculose is reversible and can 
be readily approached from both sides, as illustrated in Fig. 5, yielding the 
same equilibrium mixture of 11 per cent fuculose and 89 per cent fucose in 
phosphate buffer at pH 8.0. 


Effect of Substrate Concentration on Reaction Velocity 


The effects of the concentration of each of the four substrates, fucose, 
arabinose, fuculose, and ribulose, on the rate of isomerization are illus- 
trated in Fig. 6. The data are plotted according to the method of Line- 
weaver and Burk (29). The Michaelis constants (X,,) for the following 
substrates are averages of at least three determinations: L-fucose, 1.7 X 
10-°; p-arabinose, 3.5 10°°; L-fuculose, 1.4 & 107°; p-ribulose, 1.1 & 


Substrate Specificity 

It should be noted that the two substrates, L-fucose and b-arabinose, 
acted upon by the isomerase present in strain By have the identical 
stereochemical configuration at C-2 to C-4. In order to examine the 
specificity requirements further, the action of the enzyme was tested on 
the hexoses, L-galactose and p-altrose, which have the same configuration 
at C-2 to C-4 as fucose and arabinose. Both L-galactose and b-altrose 
were readily converted to substances which gave the cysteine-carbazole 
reaction in 0.08 m borate buffer at pH 8.0 with fairly large amounts of 
enzyme extract. The products were presumably the ketohexoses, L-taga- 
tose and p-psicose. The rates of ketohexose formation were much slower 
than those of ketopentose formation. 


DISCUSSION 


The results of growth experiments (Fig. 1) indicate that adaptive en- 
zyme formation is a prerequisite for growth of strain B,1; on L-fucose. One 
of the adaptive enzymes required for fucose breakdown would appear to be 
the isomerase which acts on both fucose and arabinose and whose synthesis 
is induced by either fucose or arabinose. Arabinose-adapted cells, which 
contain large amounts of fucose isomerase, grew on fucose only after a long 
lag period (Fig. 2). It is therefore clear that fucose adaptation involves 
more than one enzyme. 

The initial step in the utilization of L-fucose by FL. coli Bais appears to be 
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the enzymatic isomerization to the 2-keto sugar, L-fuculose. This is the 
first report of the metabolic occurrence of this ketose. The fucose-fuculose 
equilibrium favors the formation of fucose from fuculose (9:1) which sug- 
gests the possibility that this ketose may be an intermediate in the biosyn- 
thesis of fucose in those organisms which contain fucose. 

EF. colt Bays initiates the metabolic breakdown of both fucose and arabi- 
nose by means of the same isomerase. The Michaelis constants suggest 
that the isomerase may have a higher affinity for fucose and fuculose than 
for arabinose and ribulose, respectively. It would be of interest to know 
whether similar isomerases are present in other organisms which contain 
fucose or arabinose. Since b-arabinose, a sugar of rare occurrence, is 
found in the tubercle (30), diphtheria (31), and leprosy (32) bacilli, such 
information on these microorganisms may be of chemotherapeutic use- 
fulness. 

The several related substrates of the p-arabinose isomerase of FE. coli, 
p-arabinose, L-fucose, and L-galactose, appear to be mutually exclusive in 
nature, that is no two of these sugars have been reported to occur in the 
same organism (33). It may be asked if the mutual exclusiveness observed 
is related to the existence of the common affinities of these sugars for the 
same enzyme. All three of these sugars possess a common role as terminal 
points in polysaccharide chains. It seems possible that each aldose prior 
to incorporation in the polysaccharide may arise by isomerization of the 
ketose, as described above. The ability of an organism to concentrate on 
the biosynthesis and utilization of only one of the three may increase its 
metabolic efficiency in the production of polysaccharide. Such a metabolic 
advantage might arise through the inability of an organism to make two 
of the three ketoses or by possession of an isomerase whose specificity 
permitted activity on only one of the three. Thus, there may be some 
selective advantage from the evolutionary standpoint in the separate oc- 
currence of the three sugars in the polysaccharides of different organisms. 


SUMMARY 


The growth of a mutant of Escherichia coli on the methylpentose, 
L-fucose, is described. 

The first step in the metabolism of fucose is carried out by an adaptive 
isomerase which catalyzes the equilibrium, L-fucose L-fuculose. The 
identities of the products were established by paper chromatography and 
by the isolation and characterization of suitable derivatives. The position 
of the equilibrium is shifted by borate ion from 11 to 85 per cent fuculose, a 
procedure used in the isolation of this sugar in high yields. 

Evidence is presented to show that the same enzyme catalyzes both the 
fucose-fuculose and arabinose-ribulose equilibria. 
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ON THE OCCURRENCE, EQUILIBRIA, AND SITE OF ACYL- 
ENZYME FORMATION OF GLYCERALDEHY DE- 
3-PHOSPHATE DEHYDROGENASE* 


By O. J. KORPPE,¢t P. D. BOYER, ano M. P. STULBERG 


(From the Department of Agricultural Biochemistry, University of Minnesota, 
St. Paul, Minnesota) 


(Received for publication, August 15, 1955) 


Researches in several laboratories have given evidence that catalysis of 
aldehyde oxidation by glyceraldehyde-3-phosphate (G-3-P) dehydrogenase 
involves formation of an acyl-enzyme intermediate which is subsequently 
cleaved by inorganic orthophosphate (P;) to give an acyl phosphate (1-5). 
Recently Warburg et al. (6) have expressed doubt that present evidence 
warrants acceptance of the acyl-enzyme theory in preference to the earlier 
suggestion (7, 8) that P; was added to 3-phosphoglyceraldehyde to give 
an intermediate which was subsequently dehydrogenated to form an acyl 
phosphate. Their principal objection was based on measurements of the 
extent of diphosphopyridine nucleotide (DPN*t) reduction immediately 
following the mixing of glyceraldehyde and the dehydrogenase from yeast. 
The extent of reduction in the average time required for an enzyme mole- 
cule to “turnover” once in the complete reaction system was always 


greater in the presence than in the absence of Pj. Experimental and 


theoretical data which reconcile this result with the acyl-enzyme theory 
are presented in this paper. 

A second phase of the research presented herein concerns further evi- 
dence that the acyl group is probably attached to a sulfhydryl group of the 
enzyme. The necessity of intact sulfhydryl groups for catalytic action, 
the demonstrations that substrate can protect the enzyme against inac- 
tivation by iodoacetate (LAA) (2, 4), and the isolation of acetylglutathione 
from ‘“‘acyl-enzyme”’ preparations (9), together with the known properties 
of acyl coenzyme A and other acyl-S derivatives, suggest that the acyl 
group is attached to the enzyme as a thiol ester. However, alternative 
possible sites of attachment need to be considered; for example, Stadt- 
man (10) has pointed out that acyl-imidazole derivatives may show rela- 
tively high values for the — AF of hydrolysis. 

Other results presented provide additional evidence that the acyl enzyme 


* Supported in part by a grant from the National Science Foundation. Paper 
No. 3379, Scientific Journal Series, Minnesota Agricultural Experiment Station. 

t United States Public Health Service Postdoctoral Research Fellow; present 
address, Department of Biochemistry, University of Missouri, Columbia, Missouri. 
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is intermediate in the catalysis, and give some refinements to calculations 
of the various equilibria involved. 


Materials and Methods 


Enzyme and Substrate Preparations—Substrates and general techniques 
were essentially as described previously (4, 11). The rabbit muscle G-3-P 
dehydrogenase was prepared according to the method of Cori et al. (12) 
and recrystallized five times. Unless otherwise noted, 5 & 10~‘ m ethyl- 
enediaminetetraacetate (EDTA) was present in all the solutions used. 
There has been some question as to the exact molecular weight and the 
molar extinction coefficient of both the muscle and the yeast enzymes. 
Recently Velick et al. (13) reported a molar extinction coefficient of 1.27 x 
10° at 276 my for the muscle enzyme based on a molecular weight of 
120,000 (14). This is in fairly good agreement with the 1.23 X 105 value 
which we obtained by using the same molecular weight. For uniformity, 
the figure of Velick has been used in the calculation of the results presented 
here.! 

The yeast enzyme was prepared as described by Kunitz and McDonald 
(16) and modified by Krebs et al. (17), and was recrystallized three times; 
5 X 10-*m EDTA was present in all the solutions containing the enzyme. 
Because of-the uncertainty as to the correct molecular weight and molar 


extinction coefficient to use in calculations for the yeast enzyme, the | 


results reported:here have been related to absorbancy of the enzyme at 
280 my rather than to molarity. 


Enzyme Activity Measurements—The dehydrogenase was dissolved in a | 


diluent containing 5 X 10-*m EDTA, 5 X 10-3 o cysteine hydrochloride, 
and 1.5 & 10-2? mM NasP.0;. The pH of this solution was 8.5 to 8.6. The 
reaction mixture for assays contained 2 ml. of “assay mix” (3.75 X 10° 
M NayP:0;7, 5 107? M 3 10-4 m EDTA, and HCI to bring 
the pH to 8.5 to 8.6), 0.4 ml. of pt-G-3-P (2 mg. of dimeric G-3-P-1-bro- 
mide per ml.), 0.2 ml. of DPN* (10 mg. per ml.), and 0.3 ml. of H,0. 
This mixture was placed in a cuvette and warmed to 27°, and to it was 
added 0.1 ml. of a solution containing about 0.01 mg. of enzyme per ml. 
The addition and mixing of the enzyme solution were accomplished with 
the “adder-mixer,’’ and spectrophotometric measurements were auto- 
matically recorded as described previously (11). By the above assay 
procedure, a molecular weight value of 120,000 and a molar extinction 
coefficient of 1.27 10°, a typical enzyme preparation used in these ex- 
periments, Preparation 13, had a turnover number of 16,000 after 5 months 


1 Dandliker and Fox (15) have recently reported a molecular weight of about 
140,000 for the muscle enzyme based on light scattering data. If this value proves 
correct, calculated values reported here will need to be changed accordingly. 
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storage as a suspension in ammonium sulfate solution containing 5 & 1074 
m EDTA at —8°, based on the time required for the first 0.2 change in 
absorbancy at 340 mu. The turnover number based on the estimated ini- 
tial velocity was 19,500. 

An error in spectrophotometric estimation of enzyme concentrations 
may arise if a change in the absorbancy of the enzyme diluent at 276 my is 
overlooked; the absorbancy compared to water increased from about 
0.030 at 0° to 0.085 at 25°. The effect was due to the presence of cysteine, 
and was readily reversed by successive warming and cooling. For best 
measurements, the temperature of the diluent alone and of the diluent 
plus enzyme should be the same. 


EXPERIMENTAL 


Effect of Phosphate upon Initial Reaction Rates—<As stated by Velick and 
Hayes (3) and by Warburg et al. (6), if an acyl-enzyme compound is an 
intermediate in the G-3-P dehydrogenase reaction, the initial rate of re- 
action should be as rapid without as with phosphate in the system. The 
high turnover number of the enzyme with respect to the oxidation of 
G-3-P makes difficult the measurement of the initial rate of reaction in the 
presence of stoichiometric amounts of enzyme with the natural substrate. 
However, the rate of reaction is much slower with glyceraldehyde as the 
substrate. In Fig. 1 appear the results of a typical experiment on the 
effect of P; upon the rate of reduction of DPN* by glyceraldehyde in the 
presence of stoichiometric amounts of yeast G-3-P dehydrogenase. In 
these experiments, the reaction rate was further limited by the use of sub- 
strate levels well below the K,, value (4) and a temperature of 15°. The 
continued slow DPN?* reduction in the absence of P; could have been due 
to hydrolysis of the acyl enzyme. The enzyme, substrate, and DPN+t+ 
used in these experiments contained insufficient P; to have a significant 
effect upon the results. 

Table I summarizes the results of experiments in which various levels of 
substrate and enzyme were used. The initial velocities of these reactions 
were estimated by plotting velocity against time and extrapolating to 
zero time. The ratio of the initial velocity with P; to that without P; 
was very close to 1.0 in all cases; this gives strong evidence that acyl- 
enzyme formation can proceed at a rate comparable to that of the over-all 
reaction. 

Velick and Hayes (3), in similar experiments with large amounts of the 
yeast enzyme and glycera'dehyde, noted a higher initial velocity in the 
presence of 0.05 M arsenate or phosphate than of 0.05 m_ bicarbonate. 
This could possibly be a reflection of the large differences in ionic compo- 
sition. In the experiments reported in Fig. 1 and Table I, 0.15 m NaHCO; 
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SECONDS 


Fic. 1. Effect of phosphate upon the rate of reduction of DPN* by glyceralde- 
hyde catalyzed by stoichiometric amounts of yeast G-3-P dehydrogenase. The con- 
centrations in the reaction mixture were as follows: 0.15 m NaHCQO;, 5 XK 10-*™ 
DPN*, enzyme equivalent to Asso my, = 0.145, and 0.01 M pi-glyceraldehyde. The 
“4 phosphate”’ reaction mixture also contained 10° m P;. The DPN* solutions were 
adjusted to pH 8.4 before use. The enzyme was dissolved in a solution of 10°? m 
cysteine and 10°? m EDTA, adjusted to pH 8.4. The reactions were initiated by 
addition of substrate. 


TABLE 
Rate of DPN* Reduction by Glyceraldehyde Catalyzed by Stoichiometric Amounts of 
Yeast G-3-P Dehydrogenase 
The initial rates of DPNH formation were estimated by plotting velocity against 
time and extrapolating to zero time. The experimental conditions, except as other- 
wise indicated, were the same as in Fig. 1. 
| | 


Average estimated initial velocity 


Enzyme Anomy per 5 sec.) Ratio of average 
Temperature concentration, initial velocities, 
(A280 my) *Pi/ Pi 
Pj 
27 1.215 0.0470 0.0500 0.04 
27 0.607 0.0260 0.0250 1.04 
27 0.315 0.0128 0.0131 0.94 
27 0.326 0.0155 0.0160 0.97 
15 0.145 0.0046 0.0083 | 1.07 
15* 0.150 0.0039 0.0038 1.03 


* 0.005 instead of 0.010 M pi-glyeeraldehyde in this experiment. 
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was always present, and the only difference was the presence or absence 
of 0.001 m P ie 

These results do not necessarily conflict with those of Warburg et al. 
(6). They found that the extent of DPN*+ reduction during the average 
time required for an enzyme molecule to turn over once in the complete 
reaction system was always greater in the presence than in the absence of 
P;; but they add that DPN*+ reduction during this period of time should 
be the same with and without P; if acyl-enzyme formation represents a 
step in the normal catalytic pathway. However, on purely theoretical 
grounds it can be shown that, if the initial velocities are the same, the 
extent of reaction without P; would not be as great as that with P; during 
the time required for the enzyme to turn over once in the presence of Pj. 

Theoretical evaluation of the expected rate of reduced diphosphopyridine 
nucleotide (DPNH) formation with the use of stoichiometric amounts of 
enzyme may be made with reasonable assumptions and consideration of 
the probable reaction. 


() 


k 
(1) HE—DPN* RCHO ——— 


RC—E—DPNH + Ht 


where / denotes the reactive sites of the enzyme. Assume that the rate 
of reaction of the acyl enzyme with P;, when excess P; is present, is suffi- 
ciently rapid so that 


( O 
| 
(HE—DPN*) >> \RC—E—DPNH 


and thus may be taken as £;, the total concentration of acyl acceptor 
sites. Also, for simplification, assume that all the DPNH formed remains 
as enzyme-bound DPNH,; the effects of this assumption will be men- 
tioned later. The concentrations of RCHO, DPN*, and H* may be re- 
garded as remaining constant, and, in the absence of P;, the total acyl- 
enzyme concentration would be equal to the total DPNH concentration. 
With excess P; present, 
d(DPNH) 


(2) dt = k RCHO) 


which, integrated between limits from (DPNH) and ¢ = 0, gives 
(3) (DPNH) = k,E,(RCHO)t 


Let the time period for one “turnover” of the enzyme = ¢ = 1; at ¢ = 1, 
(DPNH) = E;, and thus ki(RCHO) = 1. 
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( 

If P; is not present, (Hi—DPN*) >> \RC—E—DPNH/, and the fol- 
lowing applies: 


d\RC—E—DPNH 


4 = 
(4) di 


( 
= k)(RCHO)(HE—DPN*) — k_,.\RC—E—DPNH/ (H*) 


Let (DPNH) = x; then (HE—DPN*) = £, — x. Also, let (RCHO) = 
kk, which = 1, and = Then 


dar 
(5) = — xr) — 


which, on integration between limits from x2 and / = 0, gives 


— (k + 

This general equation describes the results expected on the basis of the 
assumptions made. If the equilibrium for acyl-enzyme formation is far 
to the right (K.. = ~), then kh’ may be taken as zero, and the equation 
becomes In F,/(£, — x) = kt. If the conditions are such that at equilib- 


rium one-half of the enzyme is present as acyl enzyme (A,g = 1), then | 


k’ = k, and the equation becomes In £,/(/2, — 2x) = 2kt. These equations 
were used to calculate the theoretical curves in Fig. 2. To some degree 
the assumption that all the DPNH remains bound to the enzyme is prob- 
ably not valid. If DPN*+ oxidizes or replaces the DPNH of the acyl 
enzyme, then increase in the concentration of DPN*, starting with con- 
ditions which give the lower curve of Fig. 2, would progressively displace 
the curve toward but not above that for A., = «. These considerations 
show that, although each active enzyme site may, on the average, give 
rise to one DPNH in 1 unit of time in the complete system where reaction 
with P; regenerates the free enzyme, only a maximum of 0.63 DPNH per 
active site would be feasible without P; during the same time period. 

In further experiments, with a system similar to that described in Fig. 
1, the rate of reaction between acyl enzyme and Pj was at least as rapid as 
the over-all reaction. In Fig. 3 the left plot represents the rate of reaction 
obtained with the complete system. The right plot outlines the course of 
a reaction initiated in the absence of P;, but to which P; was added after 
acvl-enzyme formation appeared to he essentially complete. There was 
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no detectable time required, following P; addition, for this reaction to 
assume a rate equal to that shown by the reaction proceeding with the 
complete system. This indicates that cleavage of acyl enzyme by P; 
proceeds at a rate considerably faster than the rate of the over-all reaction; 
the results give further kinetic validation to the occurrence of the acyl 
enzyme as a catalytic intermediate. 

Studies with p-Mercuribenzoate—The procedure for the spectrophoto- 
metric measurement of protein sulfhydryl groups by reaction with p-mer- 


THEORETICAL CURVES FOR DPNH FORMATION 


“~NO PHOSPHATE 
Keg © 
T 
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Fic. 2. Theoretical rates of DPNH production, catalyzed by stoichiometric 
amounts of veast G-3-P dehydrogenase. 


curibenzoate (PMB) has been previously described (11, 18). The results 
of a typical experiment in which an excess of PMB was added to rabbit 
muscle G-3-P dehydrogenase are presented in Fig. 4. In separate experi- 
ments, the increase in the molecular extinction coefficient of PMB at 
255 mu (pH 4.6) resulting from mercaptide formation in the presence of 
various excess amounts of the muscle enzyme was 7.8 X 10%. The increase 
in absorbaney at 255 my upon PMB addition (Fig. 4) resulted in part 
(= A»; of 0.150) from the absorbaney of PMB alone; the balance of the 
increase resulted from mercaptide formation. Calculations based on the 
extrapolation of the top curve to zero time, and molecular weight estima- 
tions of the enzyme as given under ‘Materials and methods,” give a value 
of 11.2 sulfhydryl groups per mole which react “immediately” with PMB. 
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Other experiments gave similar results, the average number being about 
11.0. The increase in absorbancy during the next 40 minutes indicated 
the presence of about three more sulfhydryl groups which react more 
slowly with PMB. Very little change appeared beyond 40 minutes. 


Velick and Ronzoni (19) reported 10.7 half cysteine residues per mole of 


rabbit muscle G-3-P dehydrogenase. Amperometric titrations with iodo- 
sobenzoate gave 14.7 reducing equivalents per mole (4). The results 
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Fic. 3. Experimental demonstration of the probable rate of reaction of acyl 
enzyme with phosphate. The reaction conditions were similar to those given in 
Fig. 1, with a somewhat higher enzyme concentration. The left curve represents a 
reaction with the complete system; the right curve a reaction initiated in the absence 
of P;, to which P; was added after acvl-enzyme formation was apparently essentially 
complete. 


in Table II indicate that the presence of EDTA during preparation of the 
enzyme increased the number of sulfhydryl groups which could be meas- 
ured by reaction with PMB. The variability in amount of reactive sulf- 
hydry] with the mode of preparation, together with the uncertainty of the 
enzyme molarity, leaves the exact number of sulfhydryl groups per mole 
of muscle enzyme in doubt. The data do show that few, if any, disulfide 
linkages are present in the native enzyme. 

The effect of acetyl phosphate upon the reaction of G-3-P dehydrogenase 
with PMB is shown by the bottom curve of Fig. 4. The lower absorbancy 
as compared to the top curve is equivalent to approximately 2.3 fewer 
sulfhydryl groups at zero time. Other experiments gave values ranging 
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from 2.3 to 2.5. The results provide evidence that the acetyl group is 
attached to an enzyme-sulfhydryl group. In Table II, the number of 
sulfhydryl groups blocked by acetyl phosphate is greater in the enzyme 
prepared in the presence of EDTA (Preparation 13) than in that prepared 
without EDTA (Preparation 11). Thus the sulfhydryl groups which are 
not present in Preparation 11 as compared to Preparation 13 include 
sulfhydryl groups which otherwise would be acetylated by acetyl phos- 


SS 


ENZYME S 


0.6 
< 
“~ ENZYME + ACETYL PHOSPHATE 
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A, 255 mp 
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_ ME RCURIBENZOATE. ADDED 
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MINUTES AFTER ADDITION 


Fic. 4. Reactions of p-mercuribenzoate with rabbit muscle G-3-P dehydrogen- 
ase. The top curve represents the addition of 0.1 ml. of 1.4 XK 10-3 mM PMB to a solu- 
tion containing 1.0 ml. of 1.0 mM acetate buffer, pH 4.6; 1.0 ml. of enzyme solution 
with an absorbancy at 276 mu of 0.882; and 1.0 ml. of HzO. For the lower curve, the 
enzyme solution was allowed to stand at 27°, with 1.0 ml. of 10-3 mM acetyl phosphate 
for7 minutes, followed by addition of 1.0 ml. of acetate buffer and 0.1 ml. of PMB. 


phate. There also appears to be a correlation between the ratio of cata- 
lytic activity without cysteine to that with cysteine and the number of 
sulfhydryl groups blocked by acetyl phosphate. 

Enzyme which has been almost completely inactivated by iodoacetate 
showed virtually the same number of sulfhydryl groups with as without 
preincubation with acetyl phosphate, indicating that IAA reacted with 
the same sulfhydryl groups which were otherwise blocked by acetyl phos- 
phate. 

Reaction of PMB with the yeast enzyme was carried out at pH 7.0 in 
phosphate buffer, and the resulting absorbance change was measured at 
250 mu (18); measurements at pH 4.6 were not feasible because of de- 
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naturation of the yeast enzyme at this pH. The increase in the molecular 
extinction coefficient of PMB at 250 my resulting from mercaptide forma- 
tion in the presence of excess yeast enzyme was about 9.2 « 10%. For a 
given amount of absorbancy at 276 my, the yeast enzyme had an average 
of only 0.29 as many measurable sulfhydryl groups as did the muscle 
enzyme. Recently Halsey (20) has reported that there are about four 
sulfhydryl groups per 120,000 gm. of yeast dehydrogenase. 

Pretreatment of the yeast enzyme with acetyl phosphate had no ap- 
parent effect upon the number of sulfhydryl groups which could be meas- 
ured by reaction with PMB unless a small amount of DPN* was also 
added, indicating that the presence of DPN* was required for the acyl- 


TABLE II 
Sulfhydryl Groups of G-3-P Dehydrogenase under Different Conditions 
The experimental procedure was the same as in Fig. 4. 


Measurement Preparation 11* Preparation 13f 
Activity, (—cysteine)/(+cysteine) 0.31 0.86 
Sulfhydryl groups per mole of enzyme 
— Acetyl phosphate 9.1 11.2 
8.0 8.8 


* Prepared with crude ammonium sulfate and no EDTA. 


t Prepared with reagent grade ammonium sulfate with 5 X 10-4 m EDTA in all of 


the solutions containing the enzyme. 


enzyme formation even under conditions under which no apparent oxida- 
tion-reduction occurred. 

Equilibrium Constants for Proposed Steps of Enzymic Reaction—These 
studies were carried out with rabbit muscle G-3-P dehydrogenase and were 
designed as a check on preliminary values previously reported (11). The 
concentrations of p-G-3-P solutions were measured by their reduction of 
DPN? in the presence of enzyme, excess DPN*, and arsenate. Enzyme- 
reactive site concentrations were determined by measuring the DPN* 
reduction in the presence of excess substrate, no P;, and no additional 
DPN*, so that the only DPN? present was that on the enzyme. 


(a) Reaction between substrate and enzvyme-DPN?*t complex 


O 


RCHO + HS—E—DPN+ = RC—S—E—DPNH + H* 


The equilibrium constant, K,, for this reaction was determined by 
measuring the DPN+ reduction and pH in a system containing stoichio- 
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metric amounts of enzyme, variable levels of substrate, and no added 
DPN?* or Py. The values of Ay calculated from these results ranged 
from 1.8 to 2.0 K 10%. When excess RCHO was present at pH values 
above 7.0, reduction of the IIS. /--DPN+* was complete. Previously it 
was suggested that two distinet steps were detectable in the reaction at 
pH 6.0 to 6.5 (4, 11). However, the apparent incomplete DPN* redue- 
tion observed has now been found to result from disappearance of the 
DPNH, probably catalyzed by G-3-P dehydrogenase (21) and acceler- 
ated by the lower pl. 


(b) Reaction of acyl-enzyme-DPNH with DPN+* 
O 


RC—S—E—DPNH + DPNt = RC—S—E—DPN?* + DPNH 


The equilibrium constant of this reaction, K2, was determined by meas- 
uring DPN* reduction and pH in a system containing stoichiometric 
amounts of enzyme, variable levels of substrate and DPN*, and no P,; 


| 
the total DPNH was taken as = RC—S—E—DPNH + DPNH. From 
these values and the KA, value previously determined, it was possible to 
calculate Ke. The values ranged from 0.08 to 0.13. 


(c) Phosphorolysis of acyl-enzyme-DPN+ 
O O 


RC—S—DPN* + HOPO,- = RC—O—PO,;- + HS—E—DPN+ 


Meyerhof and Oesper (22) have reported the equilibrium constant for 
the over-all G-3-P dehydrogenase reaction under various conditions. They 
report values averaging 5.7 X 10-* at pH 8.2 with use of the rabbit muscle 
enzyme prepared by the method of Cori e¢ al. (12). This is in fairly close 
agreement with the 1 X 1077 value used by Velick and Hayes (3). By 
using the 5.7 K 10-8 value and the AK, and Ke determined above, the con- 
stant for the phosphorolysis reaction, A3, was estimated to be 2.4 to 
3.0 X 10-%. This result, together with a value of 7800 calories for the 
—AF of hydrolysis of ATP at pH 7 and 30° (based on the measurement 
of the hexokinase equilibrium (Robbins, E. A., thesis, University of Min- 
nesota, 1956)), and of 4600 calories greater for the hydrolysis of 1 ,3-di- 
phosphoglycerate (23), leads to an estimated —AF for the hydrolysis of 
the acyl enzyme link of 8800 to 9000 calories. 

Apparent Extraneous Glutathione Associated with Enz yme—In confirma- 
tion of the observations of Krimsky and Racker (24), release of gluta- 
thione from muscle enzyme upon heat treatment was observed and the 
amount of glutathione released was less with enzyme prepared in the 
presence of EDTA. Estimations of the amount of glutathione released 
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were made by use of the nitroprusside reaction (25) with supernatant solu- 
tions from heat-treated enzymes after treatment of the solution with 
sodium amalgam to reduce any oxidized glutathione present. Enzyme 
Preparation 13, made with use of EDTA, reagent grade ammonium sulfate, 
and ion-low water released approximately 0.12 mole of glutathione per 
mole of enzyme; in contrast, enzyme Preparation 11, made without these 
precautions, released approximately 0.23 mole of glutathione. The cata- 
lytic activity of the latter enzyme was less than that of the former, and 
showed greater dependence upon cysteine addition for maximal catalytic 
activity (Table ID). 

Possible Participation of Free Radicals in: Enzymic Reaction— Through 
the cooperation of Professor J. 1. Wertz and Miss J. Vivo of the Depart- 
ment of Physical Chemistry, University of Minnesota, tests were made 
for possible formation of free radicals in the dehydrogenase reaction, a 
sensitive magnetic resonance apparatus being used. A coneentrated solu- 
tion of muscle glyceraldehyde-3-phosphate dehydrogenase in the presence 
of an equilibrium mixture of substrates was prepared by mixing 0.4 ml. of 
9.3 & 10-4 m dialyzed enzyme solution, 0.03 ml. of a 0.02 m fructose-1 ,6- 
diphosphate solution containing 10 mg. of crystalline aldolase per ml., 
0.01 ml. of 0.03 m cysteine, 0.01 ml. of 0.15 mM pyrophosphate, and 0.01 ml. 
of 0.02 Mm DPN*; the pH after mixing was 7.1. With this mixture and with 
a similar mixture containing 0.01 ml. of 1.0 Mm NasHPO,, no free radical 
was detectable. From the magnitude of the response obtainable with 
diphenylpicrylhydrazy! in the magnetic resonance apparatus, the maximal 


possible amount of free radical of half life greater than 10-6 second in the ; 


enzyme solution was roughly estimated as less than one per 500 catalyti- 
cally active sites. 
DISCUSSION 


The following are regarded as the most cogent experimental findings 
supporting the participation of an acyl enzyme as a catalytic intermediate 
in the G-3-P dehydrogenase reaction: (1) the isolation of acyl-enzyme 
compounds from reaction of acetyl phosphate or 1 ,3-diphosphoglycerate 
with rabbit muscle G-3-P dehydrogenase from which the DPN* has been 
removed, and the reaction of the acyl-enzyme compounds with DPNH to 
form DPN+ and aldehyde (26); (2) the rapid, P;-independent reaction 
in the presence of DPN*+, G-3-P, and large amounts of muscle enzyme, 
giving rise to DPNH formation in amounts equivalent to the reactive sites 
of the enzyme used (3, 4);? (3) the identity of the initial reaction rates with 


2 The suggestion that this may occur by ‘‘recycling’’ of the small amount of Pi 
present is untenable. If this were so, the rapid initial uptake reaction should be 
equivalent to the amount of P; and not to the amount of enzyme-reactive sites pres- 
ent; also the reaction in the presence of excess DPN* should not essentially cease 
after DPNH formation equivalent to enzyme-reactive site concentration. 
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and without P; with high concentrations of the yeast enzyme and glycer- 
aldehyde as the substrate; and, further, the cleavage of the postulated 
acyl enzyme by P; at a rate at least as rapid as the over-all reaction. 

Additional experimental findings suggestive of acyl-enzyme formation 
are the catalysis by the enzyme of the arsenolysis of 1 ,3-diphosphoglycer- 
ate (1, 5) and acetyl phosphate (1, 27), the exchange of P® between P; 
and 1 ,3-diphosphoglycerate (5) and acetyl phosphate (27), and various 
transfer reactions (1, 27). There are some apparent inconsistencies in 
reports as to the requirement of DPN+* for these reactions. DPN* is re- 
quired for the muscle enzyme to be able to catalyze the arsenolysis of 
acetyl phosphate (27, 28) and P® exchange between P; and acetyl phos- 
phate (27). However, Oesper (5) has reported the catalysis of P® ex- 
change between P; and 1 ,3-diphosphoglycerate by the yeast dehydrogenase 
in the absence of added DPN*. In this paper the requirement of DPN+ 
for reaction of the yeast enzyme with acetyl phosphate was demonstrated. 
The arsenolysis, hydrolysis, and transfer reactions are all slow and may 
not be representative of the catalytic activity of the enzyme. 

Suggestions have been made that acyl-enzyme formation occurs through 
initial formation of a thiohemiacetal (4, 11) or by direct reaction of the 
aldehyde with an S—DPN?* linkage (1, 29). Either mechanism may be 
resolved with the direct hydrogen transfer from aldehyde to DPN? re- 
cently reported (30). The inhibition of the muscle enzyme when acetalde- 
hyde is added prior to DPN* has been regarded as inconsistent with thio- 
hemiacetal formation (29). However, removal of the DPN+ could make 
accessible for reaction with acetaldehyde a sulfhydryl group other than 
that involved in acyl-enzyme formation. With the yeast enzyme we have 
found no detectable inhibition when glyceraldehyde is added before DPN*. 
Present evidence is regarded as entirely inadequate for definitive conclu- 
sions as to the mechanism of the acyl-enzyme formation. 

The blocking of groups reactive with PMB by acetyl phosphate, to- 
gether with previous findings mentioned in the introduction, strongly sug- 
gests that the acyl group of the acyl enzyme is attached to a sulfhydryl 
group. The data presented herein, indicating that the IAA inactivation 
blocks sulfhydryl groups which otherwise would react with acetyl phos- 
phate, are in harmony with related findings of Krimsky and Racker (9). 
These results are regarded as evidence against the suggestion (1, 29) that 
the acyl moiety is attached to different sites on the enzyme in the phos- 
phorolytic and oxidative reactions; evidence presented in support of this 
suggestion is rather tenuous. 

The observations made on the release of glutathione from the muscle 
enzyme upon heat treatment reported by Krimsky and Racker (24) and in 
this paper suggest that the glutathione released by heat is not represent- 
ative of glutathione essential for the catalytic activity. The increased 
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amount of such glutathione found in the enzyme isolated without EDTA, 
purified ammonium sulfate, and ion-low water may have become associ- 
ated with the enzyme by metal-catalyzed oxidations during the prepara- 
tion, with resultant formation of a mixed disulfide between glutathione and 
enzyme sulfhydryl groups. Various workers have reported isolation of 
mixed disulfides of natural products; for example, Stadtman and Korn- 
berg reported the isolation of a mixed disulfide of coenzyme A and gluta- 
thione (31). Upon denaturation of the enzyme, previously unreactive 
sulfhydryl groups become more reactive, and could logically be expected 
to cleave the mixed disulfide linkage with release of free glutathione; 
alternatively, the hydrolysis of the disulfide may oecur (382, 33), 

The tests for free radical formation in the glyceraldehyde-3-phosphate 
reaction reported herem: represent to our knowledge the most) sensitive 
detection tests thus far apphed to an enzyme catalysis, ‘The negative 
findings merely set an upper limit to the amount of free radical present: 
they do not prove that the | electron transfer did not occur in accordance 
with suggestions of Michaels and Schubert (84). Tlowever, the possibility 
that the reaction involves essentially a 2 electron transfer must be consid: 
ered, as pointed out by Westheimer (35). 


SUMMARY 


The initial rate of reduction of diphosphopyridine nucleotide im the 
presence of glyceraldehyde and high concentrations of yeast glyceralde- 
hyde-3-phosphate dehydrogenase is as great in the absence as in the pres- 
ence of inorganic orthophosphate. Related studies give evidence that the 
rate of cleavage of the probable acyl-enzyme intermediate by reaction with 
inorganic orthophosphate is at least as rapid as the over-all reaction. 
These findings, together with theoretical considerations, satisfactorily elim- 
inate objections which have been raised to acceptance of the participation 
of an acyl enzyme as a catalytic intermediate. 

Reaction of the muscle or yeast glyceraldehyde-3-phosphate dehydrog- 
enase with acetyl phosphate or of the muscle enzyme with iodoacetate 
prevents reaction of some sulfhydryl groups with p-mercuribenzoate; these 
results give further evidence that the acyl group may ke attached to an 
enzyme sulfhydryl group and do not support the suggestion that the acyl 
group is attached to different sites in the phosphorolytic and oxidative 
reactions. Approximately fourteen p-mercuribenzoates react with each 


mole of the muscle enzyme; the yeast enzyme has far fewer reactive sulf- 
hydryl groups. 

Refinements are presented in the measurement of the equilibrium con- 
stants for the detectable steps in the catalytic reaction. 

The glutathione released by heating of muscle glyceraldehyde-3-phos- 
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phate dehydrogenase appears not to represent glutathione essential for the 
catalytic activity. 


Magnetic susceptibility measurements showed less than one free radical 


per 500 active sites in a solution containing a high enzyme concentration 
in the presence of an equilibrium mixture of substrates. 
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METABOLISM OF 1-CARBON FRAGMENTS BY SURVIVING 
UTERI FROM ESTRADIOL-TREATED RATS* 


By GERALD C. MUELLER ano AILENE HERRANEN 


(From the McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, April 7, 1955) 


Following a single injection of a natural estrogen, the uterus of the 
ovariectomized rat responds with a period of rapid growth, the duration 
of which is dependent on the continued presence of the active hormone. 
In an attempt to localize the site of estrogen action and to characterize the 
mechanism by which latent growth processes are mobilized by the hor- 
mone, a survey of metabolic pathways at early time periods following hor- 
monal stimulation has been undertaken. In these studies it was demon- 
strated that the rate of incorporation of radioactive glycine, tryptophan 
(1), and lysine (2) into the protein of surviving uterine segments was ac- 
celerated within 6 hours. ‘The synthesis of fatty acids and amino acids 
from labeled glucose, pyruvate, and acetate! was also stimulated at this 
early time period. ‘The oxidation of these substrates to carbon dioxide, 
however, was not altered significantly. 

In this communication, the metabolism of l-carbon fragments has been 
studied in surviving uterine segments following 6 hours pretreatment with 
estradiol. ‘The data demonstrate that the estradiol pretreatment greatly 
accelerated the incorporation of formate-C™ and glycine-2-C™ into the 
purine bases of mixed nucleic acids, into the lipide fraction, and into the 
serine of the protein and acid-soluble fractions. In contrast, the incorpora- 
tion of formaldehyde-C"™ into these pathways was not influenced by the 
hormone. The rate of oxidation of all three substrates to carbon dioxide 
was not appreciably altered. 

From these studies it appears that the pattern of response during the 
initial phase of estrogenic action is a shift in the balance of metabolism in 
favor of the reductive synthetic pathways supplying precursors for new 
growth. 


* This work was supported by a grant from the Alexander and Margaret Stewart 
Trust Fund, grant No. C-1897(C) from the United States Public Heatlh Service, and 
an Institutional Grant from the American Cancer Society. 

' Unpublished data. 
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METABOLISM OF 1-C FRAGMENTS IN UTERI 


Methods 


Adult female rats,’ weighing approximately 180 gm., were ovariecto- 
mized through the dorsal approach and maintained on a diet of commercial 
dog chow (Friskies) for approximately 2 months prior to experimentation. 
The animals used in any single experiment were of the same age and were 
ovariectomized at the same time. 

The rats were injected in the tail vein with 1 ml. of a solution of 0.9 per 
cent NaCl, 0.04 m NaHePO.-Na2HPO, buffer at pH 7.4, containing 10 
of estradiol-178. Control rats received 1 ml. of buffered saline. 6 hours 
later the animals were decapitated, and the uteri were removed and placed 
in ice-cold Robinson’s medium (3). Each horn of the uterus was slit 
longitudinally, cut into four equal segments, and the segments from the 
respective groups were pooled. Twelve pieces (equivalent to three uterine 
horns) were selected at random and placed into each iced Warburg flask. 

Each flask contained 2 ml. of Robinson’s medium (except in the formal- 
dehyde experiments, where 3 ml. were used) with 0.022 m glucose and 
varying combinations of radioactive and non-radioactive precursors, as in- 
dicated under ‘‘Results.’”’ In most instances the incubations were carried 
out for 2 hours with constant shaking in an oxygen atmosphere at 37.5°. 
The reaction was terminated by the addition of 0.5 ml. of 20 per cent per- 
chloric acid from the side arm, and the flasks were allowed to equilibrate 
for | hour in an ice bath to permit complete absorption of the carbon di- 
oxide in the alkali of the center well. Additional flasks were run as zero 
time controls in which perchloric acid was added to the flasks immediately 
after introduction of the tissue. 

After transfer of the alkali and filter paper from the center well, the 
uterine segments were removed from the reaction flask, frozen in liquid air, 
and pulverized in a stainless steel mortar. The crushed tissue was resus- 
pended in the iced reaction medium and centrifuged after a brief equilibra- 
tion; this acid-soluble fraction was saved for subsequent analysis. Re: 
sidual acid-soluble substances were extracted from the protein residue by 
resuspension three times in 4 ml. of cold 10 per cent trichloroacetic acid. 

To remove the lipide material, the residue was suspended in 4 ml. of cold 
70 per cent ethanol, extracted twice for 20 minutes with 4 ml. of hot ab- 
solute ethanol, and finally washed twice with 4 ml. of absolute ethyl ether. 
All the aleohol and ether fractions were combined and evaporated to dry- 
ness in a stream of air at room temperature. The crude lipide fraction 
thus obtained was dissolved in 3 ml. of absolute ethanol and an aliquot was 
plated on an aluminum planchet for counting. 

The dried protein residues were weighed to obtain reference values for 


2? Holtzman Rat Company, Madison, Wisconsin. 
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the calculation of the results as counts per minute per mg. of protein resi- 
due. ‘These weights were found to be more reliable reference points be- 
cause of the partial hydrolysis of the protein during the subsequent extrac- 
tion of the nucleic acids. 

The nucleic acids were extracted and hydrolyzed with 4 per cent per- 
chloric acid, and the mixed purine bases isolated according to the methods 
of LePage (4). Adenine and guanine were separated by paper chroma- 
tography with the isoamyl alcohol-disodium phosphate system (5) or the 
tertiary butanol-HCl system (6). The individual bases were eluted from 
the papers with 1 N HCl. After desiccation, the residue was dissolved in 
0.01 N HCl and plated on tared planchets for counting. The amounts of 
adenine and guanine were determined spectrophotometrically in 0.1 N HCl 
by the molar extinction coefficients of Markham and Smith (7). 

The protein residue was washed successively with 4 ml. aliquots of 95 
per cent ethanol, absolute ethanol, and twice with absolute ether. The 
protein powders were spread evenly on tared aluminum planchets with the 
aid of a small amount of 25 per cent ethanol. The desiccated plates were 
reweighed and counted. 

3 to 5 mg. samples of protein residue were hydrolyzed according to the 
procedure of Levy and Chung (8). After evaporation to dryness in vacuo, 
the residue was redissolved in water and neutralized to pH 6.3 with 0.1 N 
NaOH to give a concentration equivalent to 2 mg. of protein per ml. Du- 
plicate 200 ul. aliquots of the protein hydrolysates were spotted 2 em. apart 
in bands 2 ecm. long on 10 * 57 em. strips of buffered Whatman No. 52 
paper under a stream of cold air. The m-cresol buffer, pH 8.4, and phenol 
buffer, pll 12, of MeFarren (9) were used for the isolation of the amino 
acids with development times of 40 and 28 hours, respectively. 

The air-dried papers were cut lengthwise between the two duplicate 
chromatograms, and the amino acids were localized by dipping the guide 
chromatogram in a solution of 0.2 per cent ninhydrin in 5 per cent acetic 
acid-95 per cent acetone. The amino acids were eluted from correspond- 
ing segments of the duplicate chromatogram with water and plated on 
tared aluminum plates for counting. Similarly, the distribution of radio- 
activity in the amino acids of the acid-soluble fraction was determined 
after addition of 0.5 umole of the individual amino acids as carrier and af- 
ter a preliminary desalting on Dowex 50 (hydrogen form) (10). The ra- 
dioactivity found in the serine of the protein and of the acid-soluble frac- 
tion was also determined by non-radioactive serine added as carrier and 
by isolation of the total serine as the dinitrophenyl derivative (11). 

In the determination of the specific activity of formate, a 0.5 ml. aliquot 
of the reaction medium was added to 0.5 ml. of 2 per cent perchloric acid 
in the bulb of a Thunberg tube. The sample was frozen in a dry ice- 
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acetone mixture and the Thunberg tube evacuated. The lower end of the 
tube was then immersed in an acetone-dry ice mixture and the formic acid 
quantitatively distilled in vacuo at room temperature. The distillate, free 
of sugars and other interfering substances, was then used for formic acid 
analysis by reduction to formaldehyde according to the procedure of Grant 
(12). The formaldehyde generated was measured by the method of Mac- 
Fadyen (13), modified to a working volume of 4.0 ml. The specific activity 
of the formaldehyde was determined by the addition of a known amount 
of carrier formaldehyde and precipitation of the dimedon derivative (14). 

Radioactive formaldehyde was prepared by the action of ninhydrin on 
radioactive glycine-2-C™ (15) and purified further by the method of Charal- 
ampous and Mueller (14). After the incubation, the concentration and 
specific activity of this precursor were redetermined on the distillate of the 
reaction medium (14). 

All determinations of radioactivity in these experiments were made on 
solid samples plated on tared planchets and counted in gas flow propor- 
tional counters for a sufficient period to obtain 5 per cent statistical ac- 
curacy. All calculations are corrected for both self-absorption and count- 
ing efficiency. 

Results 


General Plan of Experimentation—In the experiments reported, the 


uterine segments were incubated with the following combination of radio-— 


active? and non-radioactive substrates: 
(1) 0.005 m sodium formate-C" (1.1 107 e.p.m.) 


(2) 0.005 m sodium formate-C" (1.1 & 107 ¢.p.m.) plus 0.005 m glycine (non-radio- 
active) 


(3) 0.005 m sodium formate-C™ (1.1 & 107 e.p.m.) plus 0.005 m glycine and 0.001 
serine (non-radioactive) 
(4) 0.005 m glycine-2-C'* (1.54 & 10? e.p.m.) 
(5) 0.005 m glycine-2-C™ (1.54 & 10’ e.p.m.) plus 0.005 m sodium formate (non- 
radioactive) 
(6) 0.002 m formaldehyde-C" (6.6 10° ¢.p.m.) 
(7) 0.002 m formaldehyde-C" (6.6 10° ¢.p.m.) plus 0.005 glycine (non-radioae- 
tive) 
The volume of the reaction medium was 2.0 ml. in flasks containing 
radioactive formate or glycine, and 3.0 ml. in flasks containing labeled 
formaldehyde. 


Formate-C"™ and glycine-2-C™ were purchased from Tracerlab, Inc., on allocs 
tion by the United States Atomic Energy Commission. 
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Preliminary trials had demonstrated that the incorporation of formate- 
C" into the protein of the uterine segments was linear over a 5 hour incuba- 
tion period, and the incorporation into the adenine and guanine of nucleic 
acids was linear over a 3 hour period. Accordingly, a 2 hour incubation 
period was used in all the experiments reported. 

Duplicate flasks were run and each flask was analyzed individually for 
the various fractions studied. All combinations were repeated at least 
twice and gave essentially the same results. 

The specific activity of the radioactive formate and formaldehyde was 
not changed at the end of the incubation period. Approximately 10 per 
cent of the formate-C™ and 55 per cent of the formaldehyde-C"™ was uti- 
lized. 


TABLE I 


Effect of Estradiol on Production of CO, from Radioactive Precursors by Surviving Uteri 


System as under ‘“‘Methods.’”’ The data are expressed as counts per minute in 
CO, per mg. of protein. 


| 


Substrates | | 
Comteot | Estroger 
Radioactive Non-radioactive 
Formaldehyde................ None 400 490 
Glycine 420 360 


Oxidation of Labeled Substrates to Carbon Dioxide—It is evident from the 
data in Table I that the oxidation of the radioactive substrates was altered 
only slightly by estrogen pretreatment of the uteri. ‘These results are in 
agreement with previous observations made in this laboratory, indicating 
alack of estrogen effect on the oxidation of glucose-1-C", pyruvate-2-C™, 
and acetate-1-C™ under the same experimental conditions.' It also has 
been reported by Roberts and Szego (16), that while glucose utilization 
and glycolysis were slightly enhanced at this early time interval, oxygen 
uptake was the same as in the control vessels. ‘Thus the initial effects of 
the estrogen apparently do not involve fundamental oxidative processes. 

Incorporation of Labeled Substrates into Lipide Fraction—As shown in 
Table II, estrogen pretreatment increased the incorporation of radioactive 
formate and glycine into the lipide fraction, but no effect was noted on the 
incorporation of formaldehyde. The use of formaldehyde-C" in these ex- 
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periments was complicated by its high chemical reactivity. For example, 


the lipide fraction from the zero time control flasks accounted for 40 per 


cent of the total counts found in this fraction after incubation. Accord- 
ingly, the zero time control values were subtracted from total incorporated 
counts in all cases to obtain a measure of the metabolic utilization. 

The results obtained with formate-C™ in the three substrate variations 
are compatible with the concept of the 1l-carbon unit being incorporated 
into this fraction through condensation with glycine to form serine, which 
in turn is converted into ethanolamine and choline of the phospholipides 
(17). Glycine can enter the lipide both as a reduced product (ethanol- 
amine) and through metabolic conversion of its a-carbon to l-carbon com- 


TaB_e II 
Effect of Estradiol on Incorporation of Radioactive Precursors into Non-Volatile 
Lipide of Surviving Rat Uteri 
System as under ‘‘Methods.’’ The data are expressed as counts per minute in 
lipide per mg. of protein. 


Substrates 
Control treated 
Radioactive | Non-radioactive | 

| Glycine 50 115 
+ serine 20 45 
| None | 245 535 
Formaldehyde... None 140 155 
” Glycine 125 170 


pounds which react further to form serine or the methyl group of choline 
(17). 

Incorporation of Labeled Substrates into Nucleic Acid Purines—The in- 
corporation of radioactivity from formate-C", glycine-2-C", and formalde- 
hyde-C"™ into adenine and guanine of mixed nucleic acids is summarized in 
Table III. A striking response to estrogen pretreatment is revealed by 4 
4- to 5-fold increase in the incorporation of formate-C™ into adenine and 
guanine. Similarly, estrogen pretreatment resulted in a highly significant 


stimulation in the incorporation of glycine-2-C™ into these bases. Glycine 
enters the purine structure both as an intact unit, providing carbons 4 and 
5 (18), and as a l-carbon unit possibly through the succinate-glycine cycle 
of Shemin and Russell (19) to provide carbons 2 and 8. Accordingly, the 
large decrease in radioactivity incorporated in the presence of unlabeled 
formate probably results from dilution of the 1l-carbon unit from glycine. 
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This remains to be checked by degradation of the isolated purines for the 
distribution of radioactivity in carbons 2, 4, 5, and 8. 

In contrast to the stimulation of formate and glycine incorporation into 
the adenine and guanine, the incorporation of formaldehyde into these 


Taste III 
Effect of Estradiol on Incorporation of Labeled Precursors into Purines of Surviving 
Rat Uteri 


System as under “‘Methods.’’ The data are expressed as counts per minute per 
micromole. 


Substrates Guanine Adenine 

a Radioactive Non-radioactive Control Treated Control Treated 
Formate. .._....... None 60 500 110 530 
Glycine 120 500 120 475 
_ + serine 120 440 150 445 
Se None 150 545 200 500 
Formate 75 205 80 230 
Formaldehyde..... None 60 80 55 75 
Glycine 60 65 65 70 

TaBLe IV 


Effect of Estradiol on Incorporation of Radioactive Precursors into Protein 
of Surviving Rat Uteri 
System as under ‘“‘Methods.’’ The data are expressed as counts per minute per 
mg. of isolated protein residue. 


Substrates 

|, Estrogen 

Radioactive Non-radioactive 
None 6485 11,420 
Formaldehyde.............. None 450 461 
| Glycine 350 530 


bases was not significantly affected by estrogen pretreatment. ‘The ade- 
nine and guanineé/from the control flasks at zero time contained no signifi- 
cant radioactivity. 

Incorporation of Labeled Substrates into Protein—The effect of estrogen 
pretreatment on the incorporation of radioactive formate, glycine, and 
formaldehyde into the protein of the surviving uteri is summarized in Ta- 
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ble IV. The acceleration of glycine incorporation during the early phase 
of estrogen action has been reported previously by Mueller (1) and by 
Frieden et al. (20). These results were confirmed. When formate was the 
radioactive substrate, the stimulatory effect of estrogen treatment was 
even greater than that obtained previously with glycine, tryptophan (1), 


TaBLe V 
Distribution of Radivactivity among Amino Acids of Uterine Protein 
System as under ‘‘Methods.’’ Formate-C' in combination with unlabeled gly- 
cine and serine was used as the radioactive precursor. The data are expressed as 
counts per minute per mg. of protein residue originally in the incubation flask. 


“4+ glycine 
+ serine 


Formate-C' only Formate-C™ + glycine 


Isolated | 

| Control Estradiol | Control | Estradiol | Control | Estradiol 
Aspartic NTE 23 28 | 20 40 10 | 13 
ah re | 26 46 | 38 66 14 | 13 
| 125 445 273 S60 48 | 182 
21 44 35 63 9 14 
Methionine .......... 65 | 200 


TaBLe VI 
Distribution of Radioactivity among Amino Acids of Acid-Soluble Fraction 
System as under ‘‘Methods.’’ Formate-C' in combination with unlabeled gly- 
cine or serine was used as the radioactive precursor. The data are expressed as 
counts per minute per mg. of protein residue originally in the incubation flask. 


| 
Formate-C' Formate-C™ + glycine 


Formate-C™ + glycine 
+ serine 

Control | Estradiol | Control | Estradiol | Control | Estradiol 
Aspartic acid................ 28 29 | 20 | 41 | 31 
19 18 10 21 | 0 | 
a 66 70 76 60 46 


and lysine (2). In all three instances approximately a 3-fold increase in 
incorporation of radioactivity was observed. 

An exact appraisal of the incorporation of formaldehyde into the protein 
was prevented by the observation that about 50 per cent of the counts 
present in the protein residue were not metabolically incorporated, as noted 
from the control flasks at zero time. However, the enzymatic incorpora- 
tion of formaldehyde into the serine isolated from the proteins was not in- 


fluenced by estrogen pretreatment. 
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Distribution of Radioactivity among Amino Acids of Hydrolyzed Protein 
and Amino Acids of Acid-Soluble Fractions—The results with radioactive 
formate as precursor are summarized in Table V. With formate-C™ or 
formate-C" plus glycine, serine and methionine contained the most radio- 
activity. The addition of unlabeled serine as a cosubstrate greatly de- 
creased the amount of radioactivity incorporated into the protein as serine, 
but did not influence the labeling of methionine. The analysis of the acid- 
soluble fraction (Table VI) demonstrates that serine had little influence on 
the distribution of radioactivity among amino acids. Accordingly, the 
added serine acted as a pool for serine synthesized from labeled formate but 
did not contribute to or alter other pathways of formate metabolism. 


DISCUSSION 


In these experiments it has been demonstrated that estrogen pretreat- 
ment increased the incorporation of radioactive formate into the protein, 
acid-soluble serine, nucleic acid purines, and crude lipide fraction of uterine 
segments. This stimulatory effect was not observed when formaldehyde 
was used as the labeled substrate. From this contrasting situation it 
would appear that the estrogen affects the metabolism of formate through 
systems not on the metabolic pathway of formaldehyde. Kisliuk and Sa- 
kami (21) observed in cell-free systems that the incorporation of formate 
into serine required high energy phosphate and a reducing system in addi- 
tion to tetrahydrofolic acid; in contrast, the incorporation of formaldehyde 
into the 6-carbon of serine required fortification only with tetrahydrofolic 
acid. Estrogenic pretreatment would appear to facilitate the reductive 
utilization of formate, a reaction not involved in the utilization of formal- 
dehyde. The oxidation of the various metabolites to carbon dioxide was 
not affected significantly by estrogenic pretreatment. In accordance with 
previous studies (16), it may be concluded that the major oxidative path- 
ways of tissue metabolism accounting for the energy status of the tissue 
are not grossly altered in the early response to estrogen therapy. 

A common denominator of early estrogen action in these expériments and 
in previous studies! on other metabolic pathways seems to be a stimulation 
of synthetic reactions which proceed through reductive mechanisms or are 
dependent on reducing environments. It appears that an early effect of 
estrogens is a shift in the reducing potential of the uterine cell, or of certain 
loci within the cell, to a balance more favorable to reductive synthetic 
pathways providing precursors for new growth. Such an environment may 
also facilitate the release or activation of proteins forming the enzymatic 
machinery for the growth process. 

The high sensitivity of formate metabolism to estrogen action may pro- 
vide an excellent inroad to the localization of the site and mechanism of 
action of this hormone. 
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SUMMARY 


1. The effect of estradiol-178 on the incorporation of radioactive for- 
mate, formaldehyde, and glycine into various metabolic components of the 
rat uterus was studied. 

2. The incorporation of radioactive formate and glycine into the lipide, 
protein, adenine, guanine, and acid-soluble serine was greatly stimulated 
by 6 hours pretreatment with estradiol. 

3. Under the same conditions the incorporation of radioactive formal- 
dehyde into the various fractions was not significantly stimulated. 

4. The oxidation of the radioactive precursors to carbon dioxide was not | 


affected by estrogen pretreatment. . 
5. The over-all pattern of estrogen influence on synthetic reactions is vs 
discussed. 
(a) 
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SYNTHESIS AND BIOLOGICAL ACTIVITY OF SOME 
TRILODINATED ANALOGUES OF THYROXINE* 


By KENKICHI TOMITAT ann HENRY A. LARDY 


(From the Institute for Enzyme Research and the Department of Biochemistry, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, July 25, 1955) 


Although it has been clearly established that thyroxine is the main cir- 
culating form of the thyroid hormone (1, 2), there is some evidence in favor 
of the view that it must be converted to some other substance before it is 
fully effective in peripheral tissues. Among these points of evidence are 
(a) the lag period between thyroxine administration and a detectable re- 
sponse in basal metabolic rate; (b) the fact that the biological activity of 
certain analogues of thyroxine is not depressed by compounds antagonistic 
to thyroxine (3, 4); and (c) the more rapid response of human subjects to 
triiodothyronine (5, 6), a compound to which thyroxine is converted by 
non-thyroidal tissue (7, 8). It has therefore been considered of impor- 
tance to prepare additional new analogues of thyroxine in the hope that 
further information might be gained about the nature of the cellularly 
active form of the hormone and about the minimal structural requirements 
for activity. Special attention has been given to the preparation of 
triodinated compounds to determine whether the differences in biological 
activity of the I; and I, compounds in the thyronines are exhibited also 
in the thyronamine, thyraniline, and thyroxylic acid series.! 

The compounds synthesized were tested to determine their effect on 
tadpole metamorphosis, basal metabolic rate of intact rats, and goiter 
prevention in thiouracil-fed rats. Their effects on enzyme systems in 
vitro will be described elsewhere. 


* Supported in part by a research grant from the Office of Naval Research, Bio- 
chemical Branch, and in part by a research grant (No. A-531) from the National 
Institute of Arthritis and Metabolic Diseases, National Institutes of Health, Public 
Health Service, and the Life Insurance Medical Research Fund. 

t Hoffmann-La Roche Postdoctorate Fellow, from the Institute for Infectious 
Diseases, University of Tokyo. 

'Thyronine = R-CH2CHNH:COOH, thyronamine = R—CH:-CH:NH2, and 


thyroacetic acid = R-CH.,COOH, where R = (HO— 


We therefore suggest the following logical extensions of the nomenclature: R— 
NH: = thyraniline, R—COOH = thyroxylic acid, and R—CH.»CH.,COOH = thyro- 
propionic acid. 
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Biological Activity 


Tadpole Metamorphosis—The ability of the various compounds to stimu- 
late tadpole metamorphosis was measured by the technique of Bruice, 
Winzler, and Kharasch (9), except that Rana clamitans tadpoles were em- 
ployed instead of Rana catesbiana. The compounds were dissolved in 4 
ml. of 0.2 N NaeCO; and 4 ml. of propylene glycol and were then diluted to 
1 liter with tap water. Groups of four, five, or six tadpoles were placed 
in shallow glass dishes containing the liter of solution. The tadpoles were 


& TETRAIODOTHYRANILINE 

4 DIIODOTHYRONAMINE 

TRIIODOTHYRANILINE 

© O-ME-DIIODOTHYROACRYLIC ACID 
@ TRIODOTHYROXYLIC ACID 

DIIODOTHYRANILINE 


O TRIODOTHYRONAMINE 

TETRAIODOTHYRONAMINE 

® TETRAIODOTHYROPROPIONIC ACID 
@ TRIIODO-D-THYRONINE 

@ TRIIOD0-L-THYRONINE 

® TRIIODOTHYROPROPIONIC ACID 
L-THYROXINE 
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PRM. THYROXINE OR EQUIVALENT 
Fic. 1. Tadpole assay of thyroxine analogues. The concentration of all ana- 
logues is expressed as parts per million of a molecularly equivalent weight of thyrox- 
ine. 


exposed to the hormone solution for 24 hours, zero time measurements of 
tail width were made, and the tadpoles were then placed in fresh tap water 
which was changed daily. Room temperature was kept at 25°. After 
the 24 hour exposure to hormone the tadpoles were fed hard boiled egg 
white. The tail width on the 7th day was measured and recorded as 4 
percentage of the original width. A correction was made for the spon- 
taneous decrease in tail width of the untreated tadpoles as follows: (per 
cent of original width in treated lot)/(per cent of original width in control 
lot) X 100. From sixteen to 120 tadpoles were used for each compound. 

The assay results are shown in Fig. 1, where each point represents four 
to twenty tadpoles. The data are summarized along with the results of 
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other assays in Table I. The extent of tail shrinkage, expressed as a per- 
centage of the original tail width, was approximately proportional to the 
log of the hormone concentration. In Fig. 1, the graphs for all compounds 


TABLE | 
Comparative Biological Activity of Analogues of Thyroxine 


— 


Relative activity (molar basis) 
Compound Side chain ) 
Metamor- Goiter pre- Metabolic 
phosis vention | rate 
| NH, 
Triiodo-L-thyronine.......... 5-20 |} 10 
Triiodo-p-thyronine........... —CHs—CH—COOH 3 
NH, 
—CH.CH2NH2 9 0.01 0.1 
Triiodothyronamine..... 36 0.11 0.1 
Diiodothyronamine.......... 0.1 0.01 
Tetraiodothyraniline........| —NH, 0.1 <0.01 0)? 
Triiodothyraniline .......... 0.8 0.01 0 
Diiodothyraniline.......... 0.1 <0.01 
0-Methyldiiodothyraniline. . 0.01 
Tetraiodothyroxylie acid*...| —-COOH 0 0 
Triiodothyroxylic 0.1 0 0 
Diiodothyroxylic 0 
Tetraiodothyropropionic 
—CH:.CH.COOH 21 0.2 Ca. 0.1 
Triiodothyropropionie acid. . e 4-15 0.3 >0.5 
Diiodothyropropionic . 0? 
0-Methyltetraiodothyro- 
acrylic acidf.............. CH +=CH—COOH 3.5 
0-Methyldiiodothyroacrylic | 
0-Methyl-pu-thyroxine§..... 1 <0.03 0.16 


* A gift from Dr. R. J. Winzler. 

+A gift from Dr. B. A. Hems. 

tA gift from Dr. V. Trikojus. 

§ The data for this compound are from Lardy (10). 


except triiodothyronine and triiodothyropropionic acid are deliberately 
drawn parallel to that for L-thyroxine. Within the limits of accuracy of 
the bioassay, the other compounds seem to evoke a proportional response 
over the range tested. The dose-response graphs for triiodothyronine 
and triiodothyropropionic acid obviously exhibit a different slope. This 
finding with tadpoles corroborates the work of Blackburn et al. (6) with 
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myxedematous patients. They found that triiodothyronine was com- 
paratively much more active than thyroxine when small doses were ad- 
ministered, but that the relative activity of the two compounds at higher 
dosage levels was reversed. 

Triiodo-p-thyronine shows a tendency to be relatively more active at 
the lowest dosage, but more experiments would be required to establish 
this point. 

With one exception, triiodinated compounds were distinctly superior 
to their di- or tetraiodo analogues. Thus triiodothyronine was five to 
twenty times more active than thyroxine, and triiodothyraniline was 
eight times more active than either di- or tetraiodothyraniline. Compared 
to L-thyroxine, triiodo-L-thyronine is more active for R. clamitans (Table 
I) than for R. catesbiana (9). Another species difference is exhibited in 
the case of tetraiodothyraniline, which is much more active than thyroxine 
for Bufo species (9) and much less active for 2. clamitans. 

Triiodothyroxylic acid was approximately one-tenth as active as L-thy- 
roxine. The di- and tetraiodo compounds were not detectably active, 
although Frieden and Winzler (11) have reported them to be 25 and 16 
per cent, respectively, as effective as pL-thyroxine for Bufo tadpoles. 

Tetraiodothyropropionic acid was about twenty times as active as 
L-thyroxine. The triiodo compound was studied in only one assay (four 
tadpoles in each of four lots). At the lowest dose tested, it appeared to be 
nearly as active as the tetraiodo compound, but higher doses were defi- 
nitely inferior to equivalent amounts of tetraiodothyropropionic acid. 

Of particular interest is the increase in biological activity resulting from 
decarboxylation of either thyroxine or triiodothyronine. ‘Triiodothyron- 
amine is the most active compound tested in the tadpole assay. Bruice, 
Winzler, and Kharasch (9) have reported tetraiodothyropropionic acid to 
be 130 times as active as thyroxine in accelerating tail shrinkage of R. 
catesbiana. For R. clamitans, however, it is only twenty times as active, 
while triiodothyronamine is thirty-six times as active as thyroxine on a 
molar basis. 

O-Methyldiiodothyroacrylic acid has been reported (12) to be only 10 
per cent as active as pi-thyroxine for tadpoles. In a single assay under 
our test conditions, it was 60 per cent as active as L-thyroxine. The tetra- 
iodo compound was three and one-half times as active as L-thyroxine. 
The relatively high activity of these non-phenolic compounds is of in- 
terest; it is found also in the methy] ether of thyroxine (10). 

Goiter Prevention—Groups of six male Sprague-Dawley rats weighing 
about 100 gm. each were fed a stock diet containing 0.3 per cent thiouracll. 
The compounds to be tested were dissolved in 0.2 ml. of 0.1 N KOH and 
0.3 ml. of propylene glycol and were then diluted to 50 ml. with distilled 
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water. Compounds insoluble under these conditions were diluted with 
50 per cent propylene glycol. ‘The compounds were administered daily by 
subcutaneous injection (0.1 to 0.3 ml.). Control animals were injected 
with a solution containing the same concentration of KOH and propylene 
glycol. 24 hours after the tenth injection the animals were sacrificed with 
ether; their thyroid glands were excised and weighed. In seven experi- 
ments the thyroid glands of the thiouracil-fed rats averaged 33 mg. per 100 
gm. of body weight, while the corresponding figure for normal control 
rats in all experiments was 7 to 8 mg. In each experiment, three lots of 
rats receiving thyroxine at different levels served as a standard against 
which the lots receiving compounds of unknown activity could be com- 
pared (10, 13,14). Injection with 2 y of pL-thyroxine daily prevented one- 
third to one-half of the hypertrophy caused by thiouracil. 4 y of 
pL-thyroxine daily kept the thyroid weights near normal, while 6 + 
completely prevented the hypertrophy and in some experiments even 
depressed the thyroid weights below normal. L-Thyroxine was approxi- 
mately twice as effective as the racemate. The results of the assays 
are summarized in Table I. 

In this assay, all active triiodo compounds were more effective than their 
corresponding di- and tetraiodo analogues. Triodo-L-thyronine has con- 
sistently exhibited ten times the activity of an equimolar concentration 
of t-thyroxine. When compared with pi-thyroxine it has been about 
twenty times more active (cf. Lardy (15)). Previous investigators (14, 
16, 17) have found triiodothyronine three to seven times as active as 
thyroxine. In the thyronamine series, the triiodo compound again is 
about ten times as active as the compounds with 2 or 4 iodine atoms. 
Triiodothyraniline was about 1 per cent as effective as L-thyroxine while 
the di- and tetraiodothyranilines had less or no activity. The iodinated 
thyroxylic acids were not detectably active. 

Triiodothyropropionic acid was one-third as active as L-thyroxine and 
the tetraiodo compound was slightly less. While this work was being done, 
a similar study was made by Roche e al. (18), who reported the tri- and 
tetraiodothyropropionic acids to be 100 and 75 per cent, respectively, as 
active as DL-thyroxine in the goiter prevention assay. 

Metabolic Rate of Rats—The compounds to be tested were dissolved as 
described for the goiter prevention assay and injected subcutaneously on 
3 consecutive days. The rats were fasted from the time of the third injec- 
tion until the metabolic rate was measured (19) the following day. The 
data are presented in Table II and relative activities are summarized in 
Table I. Triiodo- and tetraiodothyraniline and triiodothyroxylic acid 
were not significantly active. On a molar basis, thyroxamine and tri- 
iodothyronamine were about one-tenth as active as L-thyroxine. 
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TABLE II 


Effect of Analogues of Thyroxine on Metabolic Rate of Rats 


Mean oxygen 


Treatment Daily dose | No. of rats consumption 
mg. per 
kg. body l. per sq. m. per hr. 
weight 

Control 6 7.1 + 0.2 
Na L-thyroxine pentahydrate 0.2 5 8.8 + 0.6 
Thyroxamine 1.0 5 8.6 + 0.6 
Triiodothyronamine 1.0 6 8.7 + 1.1 
Control 6 7.5 + 0.3 
Na L-thyroxine pentahydrate 0.1 4 9.0 + 0.9 
0.15 5 9.4+ 0.8 
0.25 5 9.8 + 0.6 
Triiodothyronamine 0.5 5 8.9 + 0.5 
? 0.75 5 9.0 + 1.1 
1.25 5 9.44 1.4 
Control 6 7.4 + 0.4 
Triiodo-L-thyronine 0.02 6 8.7 + 0.6 
Triiodothyraniline 0.2 6 7.3 + 0.4 
Control 6 7.2 + 0.6 
Na L-thyroxine pentahydrate 0.2 6 9.3 + 1.0 
Triiodothyraniline 1.5 6 7.5 + 0.5 
Tetraiodothyraniline 1.5 5 8.0 + 0.6 
Control 5 7.6 + 1.0 
Na L-thyroxine pentahydrate 0.2 6 10.2 + 0.9 
Triiodothyroxylic acid 0.2 6 7.4 + 0.7 
2.0 6 7.8 + 0.6 
Control* 3 6.9 + 0.3 
Na L-thyroxine pentahydrate 0.075 5 8.1 + 0.7 
Diiodothyropropionic acid 1.5 6 7.24 0.4 
Triiodothyropropionic ‘‘ 1.0 6 9.7 + 0.7 
Tetraiodothyropropionic acid 1.0 6 8.5 + 1.1 
Control* 5 6.6 + 0.7 
Na L-thyroxine pentahydrate 0.05 5 7.7 + 0.8 
0.075 5 7.7 + 0.6 
Triiodothyropropioniec acid 0.15 5 8.4 + 0.2 
2 a 0.225 5 8.6 + 1.0 
Tetraiodothyropropionic acid 0.20 4 6.9 + 0.6 
0.30 5 7.3 + 0.3 

* All the animals in these experiments were fed 0.3 per cent thiouracil in their 


rations. 


Preliminary assays of the thyropropionic acids indicate that the diiodo 
compound had little or no activity; the tetraiodo compound was about 
one-tenth as active as L-thyroxine, while the triiodo compound was more 
than half as active as L-thyroxine (Table II). 
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The fact that triiodo compounds were, in general, more active than their 
tetraiodo analogues emphasizes the importance of the enzymatic deiodina- 
tion of thyroxine (8).? 


Syntheses 


Triiodothyraniline (8 
solution of 1 gm. of diiodothyraniline (3 ,5-diiodo-4-(4’-hydroxyphenoxy)- 
aniline, m.p. 220—221° (3)), in a mixture of 150 ml. of methanol and 70 
ml. of concentrated aqueous ammonium hydroxide, was iodinated, while 
being stirred at 0-2° with 4.3 ml. of 1 N iodine solution (1.98 atom equiva- 
lents). The color of the iodine disappeared in about 15 minutes. After 
evaporating the colorless reaction mixture in vacuo,® the slightly yellow 
residue (m.p. 177-197° with decomposition) was twice recrystallized by 
dissolving in 50 per cent ethanol containing a small amount of 2 N HCl, 
treating with decolorizing carbon, and making the solution basic with 
concentrated ammonium hydroxide. In some batches a brown amorphous 
precipitate appeared as the ammonium hydroxide was added. This was 
separated by filtration and discarded. The resulting fine needles (about 
1 gm.) melted at 195-197° with slight presintering. The compound was 
recrystallized from boiling ethanol by diluting with water; m.p. 196—197°, 
yield 0.8 gm. When mixed with diiodothyraniline, the melting point was 
185-210°, and when mixed with tetraiodothyraniline, 180—186°. 

An attempt was made to purify the compound further on a kieselguhr 
column (20). Its concentration in the eluate fractions was determined 
from absorbance at 302 mu. The fractions containing a high concentra- 
tion of triiodothyraniline were combined and evaporated to dryness in 
vacuo. The residue was recrystallized once by the acidic alecohol-ammonia 
method and then from alcohol-water, as described above. The melting 
point was not changed, but the effort was considered worth while inasmuch 
as it insured the absence of trace quantities of di- or tetraiodo compounds 
which might interfere with the biological assays. 


Ci2sHgO2NI; (578.95). Calculated. C 24.89, H 1.39, I 65.76 
Found. 24.73, ‘* 1.65, 65.83 


Tetraiodothyraniline (3,5-Diiodo-4-(3' aniline) 
—The iodination of diiodothyraniline (300 mg.) was carried out as de- 
scribed above, except that 4.6 atom equivalents of iodine were used. The 


?Since this paper was submitted, the authors and Mr. Raymond Doskotch have 
synthesized 3’-monoiodo-pL-thyronine from thyronine by Procedure A. On re- 
peated assay, it was found to have no detectable thyroxine-like activity and no 
antithyroxine activity in the tadpole metamorphosis, rat goiter prevention, and 
rat basal metabolism assays. 

*The procedure to this stage will hereafter be referred to as Procedure A. 
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brown residue obtained by evaporating the reaction mixture was ex- 
tracted with 100 ml. of boiling 2 N HCl. On addition of concentrated 
ammonium hydroxide, the hot filtrate yielded colorless needles which, 
after recrystallization, did not melt below 250°. This product was not 
characterized. 

The acid-insoluble portion was purified by repeated recrystallization 
from acidic 70 per cent ethanol with ammonium hydroxide; m.p. 204—205°, 
yield 80 mg. When mixed with diiodothyraniline, the melting point was 
190-205°. 

I, (704.86). Calculated. C 20.44, H 1.00, I 72.02 
Found. 20.79, 1.16, 71.65 


This compound has been synthesized independently by Frieden and 
Winzler (cf. (12)), but the procedure and the characteristics of the com- 
pound have not yet been described. 

Tritodothyronamine (3 phenoxy) phenethyl- 
amine)—Diiodothyronamine (201.5 mg.), prepared by decarboxylation of 
diiodothyronine (21),4 was iodinated by Procedure A. It was crystallized 
from boiling 50 per cent ethanol containing a few drops of 2 N H2SO, by 
addition of concentrated ammonium hydroxide; m.p. 180-185° with de- 
composition. ‘The compound was freed of a purple impurity by dissolving 
it in a large volume of boiling absolute ethanol and treating it with de- 
colorizing carbon. ‘The filtrate was concentrated, and crystallization was 
induced by addition of hot water. One more crystallization from alcohol 
by this method yielded 100 mg. of long prisms; m.p. 183-—184°. 


CuHyOe2NI; (706). Calculated, I 62.72; found, I 62.18 


Harington and Thibault (22) have prepared this compound by decar- 
boxylation of triiodothyronine but did not report a melting point or analyti- 
eal data. In our hands, decarboxylation of triiodothyronine with di- 
phenylamine led to deiodination, and only diiodothyronine was isolated. 

O-Methyldiiodothyroxylic Acid (3 ,5-Diiodo-4-(4'-methoxy phenoxy )benzoic 
Acid)—To a stirred solution of 6.5 gm. of 3 ,5-diiodo-4-(4’-methoxyphe- 
noxy )benzaldehyde (23) in 200 ml. of ice-cooled dry pyridine, 30 ml. of 5 
per cent KMnQO, were added gradually. The solution was kept near 0° 
overnight and was then diluted with an equal volume of water. The 
permanganate was destroyed with H.S, and concentrated HCl was added 
until the solution was acid to Congo red. The yellow precipitate was 
collected by filtration and washed with water. The product was crystal- 
lized in 79 per cent yield from a hot ammonium hydroxide solution by 


4 An improved procedure for the decarboxylation was kindly sent us by Professor 
V.M. Trikojus of the University of Melbourne. 
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addition of acetic acid; m.p. 225°. After recrystallization from a small 


| amount of glacial acetic acid it melted at 230-232°. 


CiugHioOql2 (496.06). Calculated. C 33.89, H 2.03, I 51.17 

Found. 34.1, 2.25, 51.40 
Tritodothyroxylic Acid (3 ,5-Diiodo-4-(3'-iodo-4'-hydroxy phenoxy )benzoic 
Acid)—This compound was synthesized by iodinating (Procedure A) 
300 mg. of diiodothyroxylic acid; m.p. 255-257°. The latter compound 


' was prepared from the above methyl ether by hydrolysis with HI; Haring- 


ton and Barger (23) synthesized it by hydrolysis of the corresponding 
nitrile. The triiodo compound was crystallized from ethanol by addition 
of water; m.p. 244-245°, yield 300 mg. 
Cy (607.95). Caleulated. C 25.68, H 1.16, 62.63 
Found. ‘95.76, “1.45, “61.71 
Diiodothyropropionic Acid (B-(4-p-Hydroxryphenoxy -3 ,5-diiodophenyl)- 
propionic Acid)—This compound was prepared by the method of Waw- 
zonek et al. (24), who reported a melting point of 235-238°. After con- 
version to the benzoate (crystallized from absolute ethanol; m.p. 150-152°) 
and hydrolysis with sodium ethoxide, the purified acid melted at 248-251°. 
Clayton, Green, and Hems (25) reported a melting point of 250°. 
Triiodothyropropionic Acid , 6-diiodo- 


_ phenyl)propionic Acid)—The diiodo acid (150 mg.) was iodinated and 


separated by Procedure A. After washing with water acidified with 
acetic acid, it was crystallized from absolute ethanol; m.p. 200°, yield 50 
mg. 


Cy 5H (686). Caleulated, I 59.86; found, I 59.70 


SUMMARY 


The following new analogues of thyroxine have been synthesized: 
3, )aniline, 3.,,5-diiodo-4-(3’ , 5’-di- 
iodo-4’-hydroxy phenoxy )aniline, 3 ,5-diiodo-4-(3’-iodo-4’-hydroxy phe- 
noxy)phenethylamine, 3 ,5-diiodo-4-(4’-methoxyphenoxy)benzoic — acid, 
3 acid, B-(4-p-hydroxyphe- 
noxy-3 ,5-diiodophenyl)propionic acid, 
3,5-diiodophenyl)propionic acid. Appropriate trivial names, consistent 
with tradition, have been suggested for these compounds. 

The biological activity of the compounds mentioned above and their 
diiodo- and tetraiodo analogues has been compared with thyroxine in tad- 
pole metamorphosis, goiter prevention (rats), and metabolic rate (rats) 
assays. 

The most active compound tested in the metamorphosis assay was tri- 
iodothyronamine. It was thirty-six times as active as L-thyroxine. Tri- 
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iodothyropropionic acid was one-third as active as L-thyroxine 1n prevent- 
ing goiter in thiouracil-fed rats and was about half as active as L-thyroxine 
in stimulating metabolic rate. In general, triiodo compounds were more 
active than the corresponding di- or tetraiodo analogues. The only excep- 
tion was the case of tetraiodothyropropionic acid, which was more active 
than the triiodinated compound in the tadpole metamorphosis test. 


We are indebted to Dr. D. E. Holtkamp and Dr. A. Heming of the 
Smith, Kline and French Laboratories for the basal metabolic rate deter- 
minations and for supplying .L-thyroxine and triiodo-L-thyronine. The 
diiodo-pL-thyronine, pui-thyroxine, and diiodothyraldehyde were gener- 
ously supplied by Dr. E. Severinghaus and Dr. M. J. Schiffrin of Hoffmann- 
La Roche, Inc. 
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DETERMINATION OF GLYOXALASE ACTIVITY* 


By GORDON R. McKINNEYf anno DAVID J. GOCKE} 


(From the Department of Pharmacology, West Virginia University School of Medicine, 
Morgantown, West Virginia) 


(Received for publication, August 18, 1955) 


Dakin and Dudley (1) and Neuberg (2) discovered the enzyme glyoxalase 


— jin 1913, and showed that it could convert methylglyoxal to lactie acid. 


The usual assay for this enzyme is a manometric procedure (3). In 1928 
Ariyama (4) described a method for the colorimetric determination of 
glyoxals involving the ability of these compounds to reduce Benedict’s uric 
acid reagent (5) in an alkaline medium. Under his optimal conditions, 
Ariyama measured between 580 and 870 y of glyoxal. By halving the 
volumes of the reagents he could detect as little as 60 y of glyoxal. A modi- 
fication of Ariyama’s procedure, to be described herein, enables one to 
measure as little as 2 y of methylglyoxal and also permits the determination 
of glyoxalase activity of tissues by examining the disappearance of methyl- 
glyoxal. 


Materials and Methods 


Reagents— 

Methylglyoxal, Delta Chemical Works, 30 per cent in water. 

Glutathione, Kastman Organic Chemicals, white label. 

Arsenic acid, anhydride (arsenic pentoxide), Fisher, ¢.p. 

Orthophosphoric acid, 85 per cent, Baker’s Analyzed, c.p. 

Sodium tungstate, Merck, reagent. 

Sodium cyanide, Fisher, certified reagent, M in water. 

Sodium carbonate, anhydrous, Fisher, certified reagent, M in water. 

Colorimeter—Beckman quartz spectrophotometer, model DU, with pho- 
tomultiplier attachment. Cuvettes, Beckman, Pyrex, No. 2097. 

Rat Liver E'xtract—The extract was prepared from rat liver according to 
the method of Cohen (6), with the exception that only one-thirtieth volume 
of acetate buffer rather than one-third volume was used to precipitate the 
homogenate.! 


* This research was supported in part by a grant-in-aid from the American Cancer 
Society, recommended by the Committee on Growth of the National Research Coun- 
cil. 

t Lederle Medical Faculty Award recipient. 

t Medical Student Research Fellow of the National Foundation for Infantile Pa- 
ralysis, Inc. 

' Personal communication. 
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The incubation mixtures contained 0.5 ml. of the enzyme extract (equiv- 
alent to an average of 0.52 mg. of Nz), 0.6 mg. of methylglyoxal in 0.5 ml. 
of distilled water, 0.05 mg. of reduced glutathione in 0.2 ml. of distilled 
water, and 0.3 ml. of 1.3 per cent NaHCO;. The gas phase of the incubat- 
ing vessels was saturated with 95 per cent N» and 5 per cent COs. 


After incubation for various periods of time up to 30 minutes at 37°, 0.5 | 


ml. of the mixture was added to 8.5 ml. of 0.083 nN H.SO,. Then 1.0 ml. 
of 3 per cent NazWO,-2H20 was added. After centrifugation, the methyl- 
glyoxal remaining in an aliquot was determined colorimetrically by the 
procedure to be described below, and that amount subtracted from a simi- 
larly prepared sample, but precipitated immediately after addition of 
methylglyoxal to the extract. 

Dog Polymorphonuclear Leucocytes—The leucocytes were obtained from 
dog blood by a process based on that described for human leucocytes (7). 
The dog was anesthetized with sodium pentobarbital (30 mg. per kilo in- 
travenously). After cardiac puncture with a No. 13 gage needle, blood 
was allowed to flow through Tygon tubing with an inner diameter of 6 mm. 
into a 250 ml. centrifuge bottle containing 5 per cent dextran? in saline and 
heparin sodium. The final concentration of dextran was 0.2 ml. per ml. 
of blood. ‘The final concentration of heparin sodium was 0.04 mg. per ml. 
of blood. After the erythrocytes were allowed to settle, the supernatant 


plasma containing the leucocytes was centrifuged and treated as previously | 


described (7). The vessels contained 0.5 ml. of the leucocyte suspension 


(equivalent to an average of 60,000,000 leucocytes per ml.), 0.6 mg. of | 


methylglyoxal in 0.5 ml. of the buffered saline (7), and 0.5 ml. of buffer. 
The cells were incubated for various periods of time up to 30 minutes in 
air at 37°. It was not necessary to add exogenous glutathione since the 
leucocytes were intact cells; nor was it necessary to saturate the gas phase 
with nitrogen since the glyoxalase enzyme in leucocytes is very active under 
aerobic conditions. After the incubation period, the cells were precipitated 
by the modified Folin and Wu tungstic acid procedure (8), as described 
above, for the liver extract, and the amount of methylglyoxal utilized was 
calculated by subtracting the amount remaining in an aliquot from the 
amount in an aliquot of a cell sample precipitated immediately after mixing 
the cells and substrate. 

Measurement of Methylglyoxal—According to the modification developed 
in this laboratory, the sample containing methylglyoxal is added to a 13 X 
75 mm. tube. Sufficient distilled water is added to bring the volume to 
3.0 ml. Then, in order, 0.1 ml. of the arsenophosphotungstic acid reagent, 
prepared as described by Ariyama (4), 0.1 ml. of m NaCN, and 0.3 ml. of 


? The dextran was a product of the Commercial Solvents Corporation, lot No. 
NA-649, and was generously contributed by Dr. Homer EF. Stavely. 
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m NasCO; are added. The blank tube contains 3.0 ml. of distilled water 
in addition to the other reagents. After standing at room temperature 
(26-29°) for 60 minutes, the solutions are read at 705 mu in the Beckman 
spectrophotometer. 


Results 
Factors Affecting Color Development 


Absorption Spectrum—The blue color developed in this reaction has an 
absorption peak between 700 and 710 mu. 

Range of Methylglyoxal Concentrations—Between 2 and 16 y of methyl- 
glyoxal may be conveniently determined by this method. The line of re- 
gression for the various concentrations of methylglyoxal, calculated ac- 
cording to the straight line formula (y = a + bz), was y = 0.006 + 0.0472. 
The standard error of the estimate (Sy) was 0.029 (9). 

Recovery of Methylglyoxal from Biological Material—Quantities of meth- 
ylglyoxal as low as 60 y could be quantitatively recovered from rat liver 
homogenates or suspensions of dog leucocytes by using either trichloro- 
acetic acid as the precipitant or the modified tungstic acid filtrates de- 
scribed above. However, only 44.6 per cent of the added methylglyoxal 
could be recovered from zine hydroxide filtrates (10) of rat liver homog- 


 enates. 


Sodium icant excess of sodium carbonate yields precipitates, 
and the color is stable for a shorter period of time. With 0.5 ml. of the 
carbonate solution, color development was maximal within 30 to 60 min- 
utes, but the color was stable for less than 1 hour. 

Time—60 minutes are necessary for maximal color formation at room 
temperature, and the color so formed is stable up to 180 minutes. 

Temperature—Heating does not increase the rate of color development. 
In fact, heating the tubes at 40° appreciably decreases the color intensity; 
nor did allowing the tubes to stand in the refrigerator (8—-10°) enhance the 
rate or intensity of color development. 

Reaction of Related Compounds with Reagents—Table I shows that cer- 
tain compounds structurally related to methylglyoxal and certain other 
reducing agents react with the Benedict reagent. Both glyoxal and 
phenylglyoxal reduce the reagent. Also uric and ascorbic acids produce 
color in this system. 


Glyoxalase Activity 


Rat Liver Extract—It is apparent from Table II that this extract pos- 
sesses a high degree of glyoxalase activity, as evidenced by the rapid disap- 
pearance of methylglyoxal. 
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TaB_e I 
Color Produced by Certain Compounds 

Compound Optical density® pmolet 
Methylglyoxal........... 0.475 0.138 
Ascorbic acid.............. 0.176 0.057 
0.017 0.227 
Glyceraldehyde................... 0.008 0.111 


* Each compound was tested for the intensity of color produced by 10 y, and 
measured at 705 mu under the same conditions as those described in the text. 
t Number of micromoles represented by 10 y of each compound. 


Taste Il 
Glyoralase Activity of Rat Liver Extract and Dog Leucocytes 


Per cent added methylglyoxal utilized 


5 min. | 10 min./ 15 min. | 20 min.| 25 min. | 30 min. 
26.4 | 52.1 | 67.3 | 78.5 | 86.3 | 95.8 
Polymorphonuclear leucocytes (dog)t..... 39.1 | 62.4 | 76.4 85.2 | 90.9 | 93.7 


* The tubes contained 0.5 ml. of enzyme extract (equivalent to an average of 0.52 
mg. of N,), 0.6 mg. of methylglyoxal, and 0.05 mg. of reduced glutathione. The 
samples were incubated at 37°; pH 68. 

t The tubes contained an average of 30,000,000 leucocytes and 0.6 mg. of methyl- 
glyoxal. The samples were incubated at 37°; pH 7.2. Bird et al. (11) present a 
conversion factor which states that 1,000,000 leucocytes are equivalent to an average 
of 21.7 Y of No. 


Dog Polymorphonuclear Leucocytes—Table II also indicates that leuco- 
cytes too have an active glyoxalase system on the basis of their rapid utili-- 
zation of methylglyoxal. 
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DISCUSSION 


This report describes a microadaptation of a standard colorimetric anal- 
ysis for the general group of glyoxals. Specifically the variations allow for 
the determination of microgram quantities of methylglyoxal. The avail- 
ability of such a method to measure the disappearance of such small 
amounts of methylglyoxal provides a precise method for the study of glyox- 
alase activity in various tissues, circumventing the problem of CO, reten- 
tion encountered in the usual manometric assay for this enzyme. Also it 
is possible by this method to substantiate manometric results with a sim- 
ple colorimetric method. 

Analysis of glyoxalase from two different sources is presented in this 
study. Both an extract of rat liver and a suspension of leucocytes from 
dog blood exhibited a high degree of enzyme activity when this colorimetric 
analysis to measure substrate disappearance was used. Calculating en- 
zyme activity on the basis of nitrogen content shows that the rat liver ex- 
tract utilized approximately 2.2 mg. of methylglyoxal per mg. of Ne per 
hour. By the factor of Bird et al. (11), which states that 1,000,000 leuco- 
cytes contain an average of 21.7 y of No, it can be calculated that in this 
system the dog leucocytes utilized approximately 1.7 mg. of methylglyoxal 
per mg. of Nz per hour. ‘The slightly lower activity of the leucocyte prep- 
aration might possibly be explained on the basis of the more alkaline pH in 
this incubation mixture (Table II), since the pH optimum of the rat liver 
glyoxalase seems to be between pH 6.6 and 7.0 (12). However, in view of 
the approximation relating cell count to Nz content in the leucocyte prep- 
aration, it is evident that these two sources of glyoxalase display essentially 
the same degree of enzyme activity. The apparently high activity of the 
enzyme from both sources is in agreement with Cohen’s original work with 
the extract (6) and with the previously reported existence of an active 
glyoxalase system in human leucocytes (13). 

Because of the rapid rate of conversion of methylglyoxal to lactic acid by 
glyoxalase, this method is not immediately applicable to an investigation 
in which it is desired to demonstrate biosynthesis of methylglyoxal. How- 
ever, it is conceivable that the availability of such a method as this for sub- 
strate analysis might aid in the elucidation of the réle of methylglyoxal 
and glyoxalase in metabolism. 


SUMMARY 


1. The determination of glyoxalase activity in an extract of rat liver and 


utili: a suspension of leucocytes from dog blood by studying the disappearance 


_ of methylglyoxal colorimetrically is described. 


| 
| 
min. 
95.5 
93.7 
0.52 
The 
ethyl. 
sent a 
erage 
euco- 


610 GLYOXALASE ACTIVITY 


2. The two enzyme sources exhibit essentially the same degree of ac- 
tivity. 

3. The simple colorimetric analysis employed in this study is a micro- 
adaptation of an earlier method, the ability of methylglyoxal to reduce 
Benedict’s uric acid reagent being employed. With this variation, quan- 
tities as low as 2 y of methylglyoxal may be determined conveniently. 

4. Certain factors involved in the colorimetric procedure are outlined. 
The absorption maximum lies between 700 and 710 my. An excess of 
alkali produces a precipitate. Room temperature is the optimal tempera- 
ture because heating the samples decreases the maximal intensity of color 
produced. 1 hour is necessary for the maximal color development, which 
remains stable for an additional 2 hours. Certain other compounds which 
produce color in the system are mentioned. 
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THE OXIDATION OF RIBONUCLEASE WITH 
PERFORMIC ACID* 


By C. H. W. HIRS 
(From The Rockefeller Institute for Medical Research, New York 21, New York) 


(Received for publication, September 6, 1955) 


In studies on the chemical structure of ribonuclease in which trypsin is 
used as a specific reagent for hydrolysis (2), it has been found necessary 
first to cleave the disulfide bridges in the molecule by oxidation with per- 
formic acid in a manner similar to that employed by Sanger (3) in his in- 
vestigation of insulin. Oxidation is required in order to render the protein 
more readily susceptible to the action of trypsin, which attacks the un- 
oxidized molecule only very slowly.' In contrast to the situation with 
insulin, cleavage of the —S—S— bridges in ribonuclease does not liberate 
peptide chains, since the studies of Anfinsen and his associates (4), together 
with quantitative amino acid analyses carried out in this laboratory (5), 
indicate that the molecule is composed of a single chain of 126 amino acid 
residues. The cleavage of the four —S—S— bonds prior to enzymatic 
hydrolysis is likely to result in the production of simpler peptides than 
would be formed were the cross-links provided by the disulfide bridges 
left intact. 

From the data of Toennies and Homiller (6), performic acid might be 
expected to react to some extent with many amino acids in addition to its 
predominant action upon cystine, tryptophan, and methionine. The 
present investigation was undertaken to determine quantitatively the 
stability of each of the amino acid residues in the ribonuclease molecule 
under the conditions employed for the oxidation of the cystine sulfur bridges. 
For this purpose, complete amino acid analyses have been performed on 
hydrolysates of oxidized ribonuclease and the results have been compared 
with those obtained on the native protein (5). The study has been greatly 
facilitated by the fact that ribonuclease, like insulin, contains no tryptophan. 
The presence of methionine (5), however, which does not occur in insulin, 
has made it necessary to establish that all 4 methionine residues are trans- 
formed quantitatively to methionine sulfone under the conditions used in 
the present experiments. 


* A preliminary report of this work was presented at the meeting of the Federa- 
tion of American Societies for Experimental Biology, Atlantic City, April 12-16, 
1954 (1). 

1 Unpublished experiments by Dr. Darrel F. Spackman have shown that trypsin 
hydrolyzes native ribonuclease only about one-tenth as completely as the enzyme 
hydrolyzes the oxidized protein. 
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In studying the oxidation procedure, a number of variables need to be 
considered. For example, to oxidize insulin, Sanger (3), following the 
general procedure of Toennies (7), added HO, to a formic acid solution of 
the protein at room temperature and did not use a solution of performic 
acid prepared in advance (Toennies and Homiller (6)). Under Sanger’s 
conditions, cystine was transformed to cysteic acid, but a considerable 
proportion of the tyrosine was converted to a derivative designated tyro- 
sine-X (8). Mueller, Pierce, Davoll, and du Vigneaud (9), and Popenoe 
and du Vigneaud (10), did not observe the formation of tyrosine-X, how- 
ever, when oxytocin and vasopressin were oxidized at —10° with already 
prepared performic acid. Sanger and Thompson (11) were able to mini- 
mize the extent of the formation of tyrosine-X by using a smaller excess of 
peroxide. Recently, Thompson (12) has demonstrated that tyrosine-X is 
actually monochlorotyrosine formed by the action of the chlorine liberated 
when H.O, reacts with chloride. From this observation, Thompson has 
concluded that the formation of chlorotyrosine can be avoided if chloride- 
free proteins are used with performic acid prepared in advance (1, 9) and 
if the peroxide is completely removed by lyophilization prior to the addi- 
tion of chloride in any form. 

With these facts in mind, the oxidation of ribonuclease has been studied 
under several conditions. Performic acid has been used at —10° or 0° 
under conditions similar to those which the quantitative analyses of Schram, 
Moore, and Bigwood (13) have shown to give the maximal yield (90 per 
cent) of cysteic acid from cystine. Comparative tests have been made at 
25° and, also, at 50° under the conditions recently described by Pierce (14). 


EXPERIMENTAL 


Preparations of Ribonuclease—The oxidation procedure was tested both 
with chromatographically prepared ribonuclease A (cf. (15)) and with a 
recrystallized preparation of ribonuclease made by the procedure of Kunitz 
and McDonald (16) and kindly placed at our disposal by Dr. 8. Steelman 
of Armour and Company (Armour crystalline ribonuclease, Lot 381059). 
The latter sample contained 0.9 per cent of inorganic sulfate sulfur and 
3.7 per cent of total sulfur (Carius), indicating a net content of 2.8 per 
cent of sulfur in the protein molecule (cf. (2)). When analyzed chromat- 
ographically (15), the Armour preparation was found to contain 93 per 
cent of ribonuclease A. 

The samples of chloride-free ribonuclease that were required in some 
experiments were obtained by passing a 10 per cent solution of the Armour 
preparation in 0.01 m acetic acid over a bed of the acetate form of Dowex 
2-X10 (cf. (13)) previously equilibrated with the same solvent. A resin 
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bed of 1 ml. was used per ml. of ribonuclease solution. The chloride-free 
preparation was obtained in 95 per cent yield (on the basis of ninhydrin 
color) by lyophilization of the filtrate. 

Oxidation of Ribonuclease with Performic Acid at —10° and at 0°—Per- 
formic acid was prepared by adding 0.50 ml. of 30 per cent H,O, (reagent 
Superoxol, Merck) to 9.5 ml. of 99 per cent formic acid (Matheson, Cole- 
man, and Bell, Inc.). The resulting solution was allowed to stand at 
room temperature (25°) for 2 hours in a stoppered flask. In another flask, 
200 mg.? of ribonuclease (approximately 8 per cent moisture) were dissolved 
completely in 5.0 ml. of 99 per cent formic acid, after which 1.0 ml. of 
anhydrous methanol was added with stirring. The quantity of performic 
acid used was 12 times that required to transform all of the cystine in the 
ribonuclease to cysteic acid, and all of the methionine to the sulfone. The 
protein solution and the performic acid were transferred to the separate 
arms of a glass-stoppered test-tube to which a side arm had been sealed. 
The reactants were cooled for 30 minutes in a bath maintained between 
—7° and — 10° (or at 0°) and then mixed by tipping the tube. The reaction 
was allowed to take place at the same temperature for 2.5 hours. The 
contents of the tube were rinsed with 50 ml. of ice water into a flask con- 
taining 350 ml. of water at 0°. The diluted solution was frozen imme- 
diately, and the solvents were removed by lyophilization. The residue 
was dissolved in 40 ml. of water, transferred to a smaller flask with the aid 
of a further 40 ml. of water, and again lyophilized. 

The powders obtained by this procedure were stored at 4° until required. 
Qualitative tests for the presence of residual peroxide were negative. 
Amino acid analyses performed after 1, 2, and 4 weeks of storage demon- 
strated no change in amino acid composition. 

Oxidation of Ribonuclease in Formic Acid Solution with Hydrogen Peroxide 
at 25°-—To a solution of 20 mg. of ribonuclease in 0.20 ml. of 99 per cent 
formic acid at room temperature (25°) was added 0.005 ml. of 30 per cent 
H.02. The quantity of oxidant used was 1.2 times that required to trans- 
form all of the cystine in the ribonuclease to cysteic acid and all of the 
methionine to the sulfone. The reaction was terminated at the end of 30 
minutes by the addition of 10 ml. of water, and the solvents were removed 
by lyophilization, as described above. 

Oxidation of Ribonuclease with Performic Acid at 50° (Cf. Pierce (14))— 
The performic acid was prepared by adding 0.5 ml. of 30 per cent H,O: to 
4.5 ml. of 88 per cent formic acid (Merck) at 50°. After 3 minutes, 0.8 ml. 


? Experiments conducted at one-tenth this scale gave identical results. 
* The methanol was added to prevent freezing of the solution during the oxidation 
at —10° (cf. (17)). 
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was transferred to an empty test-tube in the same bath and 20 mg. of solid, 
chloride-free ribonuclease were added in one portion. ‘The reaction mix- 
ture was kept at 50° for 15 minutes and then lyophilized. 

Hydrolysis of Ribonuclease and Oxidized Ribonuclease—Between 5 and 
10 mg. of the protein were dissolved in 20 ml. of 6 N HCI, and the solution 
was refluxed for 22 hours in an oil bath at 135°. Excess HC] was then re- 
moved by repeated concentration of the hydrolysate in a rotary evaporator. 
The residue was dissolved in 0.2 N sodium citrate buffer of pH 2.2 (ef. (18)), 
transferred quantitatively to a 5 ml. volumetric flask, and made to volume 
with buffer. Aliquots (1 or 2 ml.) were withdrawn for chromatographic 
analysis. 

Amino Acid Analysis on Columns of Dowex 50-X4—Amino acid analyses 
of the acid hydrolysates of native ribonuclease were carried out exactly as 
described previously (18). 

For the analysis of hydrolysates of performic acid-oxidized ribonuclease, 
a modification of the procedure is required to provide a determination of 
methionine sulfone. Elution was commenced with the column main- 
tained at 50° from the outset. At the temperature of 30° usually em- 
ployed (18), methionine sulfone moves with serine, but at the higher tem- 
perature the sulfone emerges as a separate peak on the effluent curve 
between aspartic acid and threonine. Operation of the column at 50° from 


the beginning of the elution has the disadvantage that proline emerges with | 


glutamic acid. To avoid the overlap of these two amino acids, the column 
is heated to 65° in the interval between 190 and 240 effluent ml. This 
brief period at the higher temperature advances glutamic acid sufficiently 
to cause proline to emerge as a well resolved peak behind glutamic acid 
(cf. Fig. 1). The use of the higher temperature from the beginning of the 
elution also decreases the separation of threonine and serine to a point at 
which it becomes marginal when samples containing relatively large 
amounts of serine and threonine are analyzed. A 5 per cent correction is 
applied to the values for glutamic acid from these columns in order to 
compensate for the slight conversion of the amino acid to pyrrolidone- 
carboxylic acid during the exposure to 50° (ef. (19)). 

From the point at which the temperature of the column is brought back 
to 50° (z.e. at 240 ml.), the remaining amino acids are eluted by following 
the procedure described previously for the analysis of protein hydrolysates 
(5). Chlorotyrosine, if present, is detectable as a peak partially separated 
from that of histidine. 

Cysteic acid, which emerges as a peak on the effluent curve at the break 
through of the solvent front, is estimated with fair precision from a chro- 
matogram of the kind shown in Fig. 1. Independent determinations of 
cysteic acid were also carried out on some hydrolysates by the procedure 
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Fig. 1. The amino acids in a 22 hour acid hydrolysate of performic acid-oxidized 
ribonuclease. Chromatography of a hydrolysate from 2.4 mg. of the protein was 
carried out on a 0.9 X 150 cm. column of Dowex 50-X4. The effluent was collected 
in2 ml. fractions. The concentration of proline has been corrected for the relatively 
low color yield of this amino acid in the ninhydrin reaction to make the peak com- 
parable on a molar basis with those of the other amino acids. The position of chlo- 
rotyrosine, if present, is indicated by the broken line. 


of Schram, Moore, and Bigwood (13), in which columns of Dowex 2-X10 
are employed. 
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In exploratory work, a rapid determination of tyrosine, together with 
phenylalanine, and of cysteic acid was conveniently carried out with the 
wd of a 0.9 & 30 em. column of Dowex 50-X4, equilibrated with 0.2 N 
sodium acetate-citrate buffer of pIL 5.1. This buffer is a 1:10 dilution of 
the stock 2 N sodium acetate-citrate buffer of pH 5.1 described previously 
(cf. Table I (18)). When a hydrolysate of oxidized ribonuclease was 
chromatographed at 25° with use of the 0.2 N sodium acetate-citrate buffer 
as the eluent, cysteic acid was obtained as a sharp peak at the break out 
of the solvent front. ‘The dicarboxylic amino acids and most of the neutral 
amino acids followed immediately as a series of unresolved peaks. At 
35 effluent ml., well separated from any other components, pheny!l- 
alanine and tyrosine were obtained together as a single peak. ‘The 
method is useful for following the fate of tyrosine during performic 
acid oxidation, since ribonuclease contains twice as much tyrosine as 
phenylalanine. 

Determination of N-Terminal Groups in Oxidized Ribonuclease—Oxi- 
dized ribonuclease (20 mg.) in 2.0 ml. of 0.2 m aqueous trimethylamine 
solution was treated at room temperature for 2.5 hours with 4.0 ml. of 
0.07 m dinitrofluorobenzene in absolute ethanol, as described by Sanger 
and Thompson (11). Excess reagent was removed by ether extraction and 
the residue was hydrolyzed with 6 n HCl for 16 hours in a bath at 135°. 
The dinitrophenyl (DNP)-amino acids were extracted into ether, and the 
excess dinitrophenol in the extract was removed by sublimation according 
to the procedure of Mills (20). The final residue of DNP-amino acids was 
made up to a volume of 1 ml. with absolute ethanol, and aliquots were 
removed for paper chromatography. 

The DNP-amino acids were identified by unidimensional, ascending 
paper chromatography by using buffered paper (Whatman No. 3 MM) 
and the solvent syste:ns described by Blackburn and Lowther (21). When- 
ever possible, light was excluded. The dinitrophenylamino acid zones 
were located most clearly by their fluorescence in ultraviolet light. The 
zones were cut out of the paper and extracted with 3.0 ml. of glacial acetic 
acid at 80° for 5 minutes (cf. Schroeder and LeGette (22)). After extrac- 
tion, the area of each piece of paper was measured and corresponding blank 
areas cut from the chromatogram were subjected to the same elution pro- 
cedure. The adsorption at 350 my of the eluates and the blanks was de- 
termined in a Beckman spectrophotometer against glacial acetic acid. The 
blank correction usually amounted to less than 5 per cent of the total ab- 
sorption. With each chromatogram, control experiments were carried 
out with standard quantities of reference solutions of dinitrophenylamino 
acids. The recovery of di-DNP-lysine subjected to this procedure was 
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consistently between 85 and 90 per cent. No corrections for losses have 
been applied to the values reported in this paper. 

As a check on the procedure, end-group determinations of unoxidized 
ribonuclease were carried out in the same manner. 


RESULTS AND DISCUSSION 


In Table I, the results of amino acid analyses of samples of oxidized 
ribonuclease prepared in three different ways are compared with values 
obtained with the unoxidized protein. ‘To permit stoichiometric compari- 
son, the figures are presented in terms of amino acid a-amino nitrogen as 
per cent of the total amino acid a-amino nitrogen recovered. Weight 
cannot be employed as a basis for such calculations unless the precise 
nature of the chemical change undergone by the protein is known; nor is 
total nitrogen a suitable basis for comparison in this case, because an ap- 
preciable amount of nitrogen (5 to 10 per cent), in the form of NH; from 
the reagents, is introduced into the protein preparations during the oxida- 
tion procedure. Amino acid analyses after a single time of hydrolysis 
(22 hours) are given in Table I, on the assumption that, for comparative 
purposes, only negligible differences exist in the rates of the decomposition 
of the labile amino acids, particularly serine and threonine, during hydroly- 
sis of the various preparations. The results of the amino acid analyses of 
22 hour hydrolysates of ribonuclease A already reported (5) have been 
recalculated and are given in Column 1 of Table I. 

The figures in Columns 4 and 5 of Table I were obtained from a sample 
of ribonuclease oxidized with performic acid at —10°. Most of the values 
are in close agreement with those obtained for the unoxidized protein, 
cysteic acid and methionine sulfone appearing instead of cystine and me- 
thionine.t The two values for cysteic acid (Columns 4 and 5) correspond 
to yields of 90 and 81 per cent of the oxidized amino acid, based upon 8 
half cystine residues per molecule.’ The values for methionine sulfone 
are close to 100 per cent of the theory, assuming ribonuclease to contain 4 
residues of methionine per molecule (5). The serine and threonine values 
are slightly lower than those for the unoxidized protein, and it is difficult to 
decide whether this barely detectable difference is associated with varia- 
tions in the degree of hydrolytic destruction of the hydroxyamino acids or 


‘In Columns 2 and 3 of Table I the values for cystine and methionine are lower 
than those obtained previously (Column 1), probably because of increased destruc- 
tion associated with hydrolysis under reflux. The hydrolysates of ribonuclease A 
were prepared in evacuated sealed tubes (5). 

> The determination of cysteic acid with Dowex 50-X4 is less reproducible than 
is the case with columns of Dowex 2-X10 (13). Several hydrolysates were analyzed 
by the Dowex 2 method in order to confirm the expected 90 per cent yield of cysteic 
acid. 
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whether it is a direct result of performic acid oxidation. Since Simmonds 

23) finds 10 to 20 per cent destruction of serine and threonine when a 
very large excess of performic acid is employed, the small decrease noted 
in the present experiments may be significant. 


TABLE | 
Amino Acid Composition of Ribonuclease and Performic Acid-Oxidized 
Ribonuclease 
The figures in Columns 2 through 8 were derived from experiments in which erys- 
talline ribonuclease was employed (Armour and Company, Lot 381059). All values 
were obtained after 22 hours of acid hydrolysis. 


Amino acid a-NHy N as per cent of total amino acid a Nip N recovered 
(see text) 
Oxidized ribonuclease 
Amino acid Ribonu- Crystalline — 
clease A ribonuclease Oxidized at 0° 
(chloride- 
(1) (2) (3) (4) (5) (6) (7) (8) 
Aspartic acid....... 12.5 | 12.3 | 12.4 | 12.3 | 12.6 | 11.8 | 12.4 | 12.4 
9.59 989 9.88 | 10.0 10.6 10.6 10.0 10.2 
Glycine..............| 2.59 | 2.79 | 2.97 | 3.29 | 2.75 | 3.09 | 2.90] 3.07 
Alanine..............} 10.2 | 10.3 | 10.4 | 10.8 | 10.1 | 10.4 | 10.3 | 10.3 
1.75 | 2.24) 2.16 | 2.01 1.99 1.95 | 2.08 | 1.97 
Isoleucine........... 1.99; 2.01 | 2.11 | 2.08} 2.13] 1.90] 2.19} 2.09 
10.7 11.1 11.2 10.4 10.5 10.7 10.3 10.5 
Threonine...........| 8.03 8.26} 8.23 | 8.02) 7.83; 7.54! 8.03 | 8.98 
Cystine (half)....... 6.52 5.02 | 4.80 
Cysteic acid......... 6.24 | 5.56| 6.41 | 5.37] 5.98 
3.07 | 2.64) 2.58 
sulfone. . 2.83 3.06) 3.00) 3.08 | 3.16 
3.78 | 3.85 | 3.66 | 3.81 |) 3.60) 3.81 | 3.93 | 3.54 
Phenylalanine... .... 2.43 2.48 | 2.59) 2.38 | 2.52 | 2.39] 2.31); 2.41 
4.61 4.27 4.20; 4.38 | 4.43 | 4.42 | 4.65 | 3.36 
Histidine............ 3.13 3.01 3.16; 2.89 3.48 | 3.14 | 3.07 | 3.07 
8.44 8.81 8.82 | 8.39 | 8.70 | 8.27) 8.46] 8.77 
Asgimine............. 3.24 3.38 3.33 3.45 | 3.40; 3.44) 3.41 | 3.55 


* The data from 22 hour hydrolysates in Table I of Hirs et al. (5) have been aver- 


aged and recalculated. 
+t Oxidized at 50° for 15 minutes according to the procedure of Pierce (14). 


The tyrosine contents of the oxidized and the unoxidized protein are 
identical within the limits of error of the determination. Moreover, there 
was no chromatographic evidence for the presence of chlorotyrosine in the 
hydrolysate of the oxidized protein. Thus, even though no special pre- 
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cautions were taken to remove traces of chloride ion prior to the oxidation, 
it would appear that oxidation of ribonuclease with performic acid at — 10° 
converts cystine to cysteic acid and methionine to the sulfone without 
affecting other amino acids detectably. If, on the other hand, oxidation 
was performed in the same manner but at 0°, a 10 per cent transformation 
of tyrosine to chlorotyrosine was observed. At higher temperatures, the 
conversion was more extensive. Under the conditions described by Sanger 
and Thompson (11), namely oxidation with a slight excess of H.O, in formic 
acid at 25°, about 50 per cent of the tyrosine appeared as chlorotyrosine 
after hydrolysis. 

In Columns 6 and 7 of Table T are shown the amino acid analyses of 
chloride-free samples of ribonuclease oxidized with performie acid at 0°. 
The results are completely comparable to those obtained at — 10° with a 
preparation from which all traces of chloride had not been removed. The 
slightly higher temperature, which is not permissible in the presence of 
traces of chloride, is preferable, because at —10° maximal oxidation of 
cystine and methionine is just barely attained. 

Recently, Pierce (14) has shown that the theoretical relative quantities 
of the A and B chains of insulin are obtained in good yield after oxidation 
for 15 minutes at 50° with performic acid. No special precautions were 
employed to free the insulin preparation of chloride. When the procedure 
of Pierce was tested on chloride-free ribonuclease, amino acid analyses of 
the oxidized protein gave the values in Column 8 of Table I. Under these 
conditions, cystine is converted to cysteic acid, methionine to the sulfone, 
and all other amino acids are recovered unchanged except tyrosine. 
About 25 per cent of the tyrosine was lost; there was no chromatographic 
evidence for the presence of chloro derivatives. 

From the findings of Thompson (12), coupled with the results presented 
in this paper, it may be concluded that, in the special case of ribonuclease 
not rigorously freed of chloride, oxidation with performic acid at —10° 
causes the least extensive side reactions. In the absence of chloride, how- 
ever, oxidation at somewhat higher temperatures, such as 0°, is preferable. 

Oxidized ribonuclease, in contrast to the native protein (15), has not 
been chromatographed successfully on columns of IRC-50. The oxidized 
product was not retarded appreciably under any of the conditions tried. 
No material which moves at the rate of native ribonuclease on these col- 
umns was observed, nor does the oxidized preparation contain any en- 
zymatic activity. Since the purity of oxidized ribonuclease could not be 
evaluated chromatographically, attempts were made to determine whether 
cleavage of peptide bonds had occurred during the oxidation. When in- 
vestigated by the DNP method of Sanger, di-DNP-lysine was the only 
a-DNP-substituted amino acid encountered in hydrolysates of the oxidized 
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DNP protein. The yield, corresponding to 70 per cent of 1 residue per 
molecule, was the same as that obtained from the unoxidized protein, which 
Anfinsen et al. (4) have shown contains 1 N-terminal lysine residue. 

Oxidation of Free Amino Acids—Studies on the oxidation of the free 
amino acids, tyrosine, cystine, and methionine were carried out in parallel 
with the experiments on ribonuclease. It was found that, in the presence 
of chloride, conversion of tyrosine to the chloro derivative occurs upon 
oxidation with performic acid at 0°. In the absence of chloride, however, 
tyrosine was recovered quantitatively. At 25°, on the other hand, 10 per 
cent of the tyrosine (cf. (6)) was lost even in the absence of chloride. Oxi- 
dation of cystine and methionine at —10° for 2.5 hours with performic 
acid led to the formation of cysteic acid and methionine sulfone, each in 
90 per cent yield. At — 15°, however, the yield of each had fallen to 80 
per cent, and there was evidence for the presence of some methionine sul- 
foxide. 


It is a pleasure to acknowledge the expert technical assistance of Miss 


Barbara ‘T. Moran. 


SUMMARY 


The oxidation of ribonuclease with performic acid under different con- 
ditions has been studied by comparing the amino acid composition of the 
oxidized product with that of the native protein. When chloride-free 
ribonuclease is oxidized at 0°, cystine is transformed to cysteie acid and 
methionine to the sulfone, but no other amino acids are significantly af- 
fected. In the presence of traces of chloride, a lower temperature (— 10°) 
is required to avoid the formation of some chlorotyrosine. No cleavage 
of peptide bonds during oxidation could be demonstrated by the dinitro- 
phenyl] technique. 
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PEPTIDES OBTAINED BY TRYPTIC HYDROLYSIS OF 
PERFORMIC ACID-OXIDIZED RIBONUCLEASE* 


By C. H. W. HIRS, STANFORD MOORE, anno WILLIAM H. STEIN 
(From The Rockefeller Institute for Medical Research, New York 21, New York ) 


(Received for publication, September 6, 1955) 


In the present study, the chemical structure of ribonuclease has been 
investigated by the use of trypsin as a reagent for the hydrolysis of specific 
peptide bonds in the oxidized protein, and the resulting peptides have been 
separated and analyzed by ion exchange chromatography. 

The investigations of Anfinsen, Redfield, Choate, Page, and Carroll (3) 
have shown that ribonuclease consists of a single peptide chain with the 
sequence Lys.Glu.Thr.Ala- at the amino-terminal end. Amino acid anal- 
yses of the chromatographically purified protein (4) have indicated that 
the chain contains 126 amino acid residues, among which are 8 half cys- 
tine residues.' Since several attempts to confirm the reported (6) pres- 
ence of sulfhydryl groups in ribonuclease have not been successful (3, 7, 8), 
it is assumed, as a working hypothesis, that the single chain is held in a 
folded form by four disulfide bridges, as postulated by Anfinsen et al. (3). 

As the first step in the determination of the sequence of amino acids in 
the A and B chains of insulin, partial hydrolysis by acid was utilized by 
Sanger and ‘Tuppy and by Sanger and Thompson (9, 10). As Sanger has 


* Preliminary reports of this work were presented at the meeting of the Federation 
of American Societies for Experimental Biology, Atlantie City, April 12-16, 1954 (1), 
and at the 126th meeting of the American Chemical Society, New York, September 
12-17, 1954 (2). 

' In a previous communication (4), it was concluded that the cystine plus methio- 
nine sulfur of ribonuclease accounted for only 75 per cent of the total sulfur of the 
protein. A reinvestigation of the total sulfur content of chromatographically puri- 
fied ribonuclease A has given figures of 2.81 and 2.92 per cent S (Carius). The present 
figures are in agreement with the value given by Brand (5). The sulfur content to 
be expected from 8 half cystine and 4 methionine residues is 2.87 per cent, which in- 
dicates that all of the sulfur of the molecule is present in these 12 amino acid residues. 
A commercial sample of crystalline ribonuclease (Armour Lot 381059) had a total 
sulfur content of 3.7 per cent. Inorganic sulfate sulfur was found to be 0.8 per cent 
of the protein, however. In order to be certain that binding of SO." ions by the 
protein would not be a cause of low values in a determination of the sulfate content 
of the preparation, a sample of the enzyme was hydrolyzed with HCl in an evacuated 
sealed tube and SO," was precipitated from the hydrolysate with Batt. The net 
sulfur content of the protein (2.9 per cent) is the same as that found for the chromat- 
ographically purified ribonuclease, which was SO,"-free. We wish to express our 
appreciation to Mr. S. Theodore Bella for the careful microanalyses which have led 
to the clarification of this question. 
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pointed out (11), however, it is doubtful whether random partial hydroly- 
sis by concentrated HCI could be utilized as effectively with much larger 
molecules. The complex mixture of peptides which would result from the 
partial acid hydrolysis of a protein of the size of ribonuclease would be very 
difficult to fractionate, and it becomes increasingly harder to deduce a 
unique sequence for the parent molecule as the number of small peptides 
in the partial hydrolysate increases. Proteolytic enzymes, on the other 
hand, because of their specificity, are capable of cleaving a protein into a 
limited number of peptides. Enzymes were used by Sanger and associates 
(9, 10) for the elucidation of parts of the structure of insulin and have sub- 
sequently been employed by Bell (12) and White and Landmann (13) in 
their investigations of the structure of corticotropin. 

Of the readily available proteolytic enzymes, trypsin possesses the sharp- 
est specificity. ‘The studies of Bergmann, Fruton, and Hofmann (ef. (14)) 
with synthetic substrates showed that this enzyme hydrolyzes the peptide 
bonds involving the carboxy! groups of a-N-substituted arginine and lysine 
residues. More recently, the tryptic hydrolysis of several proteins has 
been investigated and in each instance the same type of specificity has 
been observed. The action of trypsin on insulin (9, 10), corticotropin 
(12, 13), cytochrome ¢ (15), protamine (16), chymotrypsinogen (17), and 
trypsinogen (18) has, in every case, resulted in the formation of peptides 
in which lysine or arginine occupies the carboxyl-terminal position. Since 
ribonuclease contains 10 lysine and 4 arginine residues per molecule, tryp- 
tic hydrolysis might be expected to yield fourteen or fifteen peptide frag- 
ments of a size suitable for further structural investigation. 

As indicated in the preceding paper (19), it has been found necessary to 
cleave the disulfide bridges in ribonuclease in order to render the protein 
readily susceptible to hydrolysis by trypsin. When performic acid-oxi- 
dized ribonuclease is hydrolyzed by trypsin, thirteen principal peptides are 
formed which may be separated by chromatography on columns of Dowex 
5O-X2.2 Quantitative amino acid analysis on columns of Dowex 50-XM4 
has been used to establish the amino acid composition of these peptides 
and to determine the yields of each per molecule. 


EXPERIMENTAL 


Materials—The oxidized ribonuclease used in these experiments was 
prepared in portions of 200 mg. from a single lot of Armour crystalline 


2 It has been found that large peptides containing about 20 amino acid residues 
give markedly spread zones when chromatographed on a 4 per cent cross-linked resin, 
but yield sharp peaks when columns of 2 per cent cross-linked Dowex 50 are used. 
Peptides containing less than 10 amino acid residues may be chromatographed effec- 
tively on either resin (cf. Dowmont and Fruton (20)). 
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ribonuclease (Lot 381059) by the method described in the preceding com- 
munication (19). The amino acid composition of each preparation of the 
oxidized protein was checked (cf. (19)) before it was used for degradative 
work. 

The crystalline trypsin was a twice recrystallized sample obtained from 
the Worthington Biochemical Corporation, Freehold, New Jersey (Lot 
TR425), and contained 50 per cent of magnesium sulfate. The chymo- 
trypsin content of the preparation was estimated to be 0.1 to 0.4 per cent 
from a determination of the rate of hydrolysis of glycyl-L-phenylalanin- 
amide*® (21) as measured by the modified ninhydrin reagent (22). 

Hydrolysis of Oxidized Ribonuclease by Trypsin—The reaction was car- 
ried out at 25° in a 0.2 mM sodium phosphate buffer at pH 7.0 (Fig. 1). 
The buffer was prepared from 8.28 gm. of NaH.PO,-H,O and 19.88 gm. of 
NasHPO, (anhydrous salt) made up to 1 liter. The pH of the solution 
remained constant throughout the hydrolysis. In all experiments, the 
substrate concentration was 0.50 per cent. The rate of hydrolysis was 
studied at enzyme concentrations of 0.0025 and 0.025 per cent; the lower 
concentration of trypsin was employed for the preparation of hydrolysates 
to be chromatographed. The course of the hydrolysis was followed by 
the ninhydrin procedure (22). When the samples were to be employed 
for the chromatographic separations, the reaction was stopped at the pre- 
scribed time by adjusting the solution to pH 2.2 with 2 n HCI, and the 
sample was added immediately to the column. <A freshly prepared hy- 
drolysate was used for each chromatogram. 

Chromatography of Peptides on Columns of Dowex 50-X2——The chromato- 
graphic results presented in this paper were obtained with columns of 
Dowex 50-X2, Lot 3328-12 (200 to 400 mesh), purchased from Technical 
Service and Development, The Dow Chemical Company, Midland, Michi- 
gan. ‘lwo other samples of the resin (Lots 2176-21C and 3604-13) have 
been tested and found to give similar chromatographic performance. The 
resin Was prepared in the manner already described for Dowex 50-X4 
(23), with the exception that the -X2 resin was stirred with 2 nN NaOH at 
room temperature instead of on the steam bath. ‘The sodium salt of the 
resin was settled several times from water in order to remove the very fine 
particles and was screened while wet (23) through 120 and 200 mesh 
sieves. About 40 per cent of the resin was obtained as 120 to 200 mesh 
material and 40 per cent as through-200 mesh resin. If necessary, in 
order to obtain the flow rates ultimately desired, the through-200 mesh 
resin may be settled in a graduated cylinder for removal of the finest 
particles (the top 10 per cent (23)). Columns of through-200 mesh Dowex 


* We wish to express our gratitude to Dr. Joseph S. Fruton for a generous gift of 
glycyl-L-phenylalaninamide. 
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50-X2, even when prepared as indicated, have flow rates that are slower 
than those obtained with resins of higher cross-linking, and it has been 
found necessary to mix equal volumes of 120 to 200 mesh and through-200 
mesh resin in order to give 150 X 0.9 cm. columns which have a satisfac- 
tory flow rate. The initial flow rate was about 8 ml. per hour at 25 cm. 
of mercury pressure, but the rate decreased as the column shrank during 
the course of the experiment. 

The method of preparing and operating the columns of Dowex 50-X2 
was the same as that described previously for the determination of 
amino acids on Dowex 50 (23, 24). For analytical and exploratory work, 
150 X 0.9 em. columns were employed, and the tryptic hydrolysate from 
20 to 40 mg. of oxidized ribonuclease was chromatographed. In the main 
experiments, hydrolysates of 200 mg. of oxidized ribonuclease were frac- 
tionated on 150 X 1.8 em. columns. It is probable that this load could 
be increased, if desired. The initial flow rate with these larger columns 
was 32 ml. per hour. 

In order to obtain comparable effluent curves with the columns of the 
two sizes, the effluent volumes at which the changes in buffer were made 
were increased 4-fold with the larger column. The mixing chambers for 
obtaining a gradual change in pH and ionic strength (23) had volumes of 
610 ml. for the columns 0.9 cm. in diameter (500 ml. ground joint wash 
bottle, Corning No. 445020) and 2450 ml. for the larger columns (2 liter 
flat bottom, ground joint flask, Corning No. 400216). 

In the experiment shown in Fig. 2, the mixing device was attached after 
0.8 effluent liter and the upper chamber was filled with 1 N sodium acetate- 
citrate buffer at pH 5.1. <A 2 Nn buffer was substituted after 2.4 effluent 
liters. After 4.5 effluent liters, the temperature was raised to 50° and a 
2 n sodium acetate buffer at pH 6.6 (2 N sodium acetate to which 2.5 ml. 
of glacial acetic acid per liter had been added) was introduced directly to 
elute 1 additional peptide still held by the resin (not shown on Fig. 2). 
The columns were jacketed, and temperature control to +0.5° was found 
to be important in order to obtain reproducible results.‘ The curve shown 
in Fig. 2 was found to be reproducible from experiment to experiment, 
and the pilot chromatograms with columns 0.9 em. in diameter predicted 
accurately the performance of the larger columns. 

The eluents employed were the same as those used for the chromatog- 
raphy of amino acids (cf. ‘Table I (23)) and contained BRIJ 35 but no 


‘An Aminco circulating water bath No. 4-96 (American Instrument Company, 
Silver Spring, Maryland) was found to be satisfactory for this purpose. The con- 
denser type jacket for the columns 1.8 em. in diameter was made of 3.5 em. diameter 
glass tubing and was connected to the chromatograph tube by rubber stoppers. The 
hose connections from the water bath to the condensers are conveniently made with 
18/7 mm. ball and socket joints. 
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thiodiglycol. (Thiodiglycol, if present, would yield mustard gas during 
hydrolysis of the peptides with HCl.) The 0.2 n sodium acetate-citrate 
buffer of pH 4.3 (5 ml. of BRIJ 35 per liter) required for the rechromatog- 
raphy shown in Fig. 3 was prepared by mixing equal volumes of the 0.2 
N sodium citrate buffer of pH 3.1 and the 0.2 ~ sodium acetate-citrate 
buffer of pH. 5.1. The latter was prepared by diluting 10-fold the stock 2 
nN sodium acetate-citrate buffer of pH 5.1 (23). This same 2 n solution 
was appropriately diluted for the remaining buffers at pH 5.1 (ef. Fig. 3). 
The 1 Nn buffer contained 0.2 per cent BRIJ 35, while the 0.5 ~ buffer con- 
tained 0.3 per cent of the detergent (cf. (23), foot-note 6). 

Analysis of Effluent Fractions—The effluents from the columns 0.9 cm. 
and 1.8 cm. in diameter were collected in 2 ml. and 10 ml. fractions, respec- 
tively. In exploratory analytical experiments, each 2 ml. fraction, or a 
0.2 to 0.5 ml. aliquot of it. can be analyzed by the modified ninhydrin 
method (22). Aliquots of similar size were pipetted (25) in the prepara- 
tive scale experiments. In some cases, alkaline hydrolysis was performed 
prior to a ninhydrin determination. From the increase in the ninhydrin 
color, it was possible to gain an approximate idea of the chain length of 
each peptide. Hydrolysis also insured that peptides giving a low color 
yield with ninhydrin would not be overlooked. Alkaline hydrolysis, al- 
though disadvantageous in several respects, has been adopted in preference 
to hydrolysis with HCI because it is difficult to prevent the uptake of am- 
monia (which interferes in the ninhydrin reaction) when large numbers of 
samples are hydrolyzed routinely with acid. Alkaline hydrolysis has been 
carried out conveniently by adding 1.00 ml. of 2.5 nN NaOH to 0.3 ml. 
aliquots contained in a set of numbered Pyrex test-tubes (18 K 150 mm.).° 
The tubes were placed, unstoppered, in an open water bath at 90° for 2.5 
hours, during which time the contents evaporated to a volume between 
0.1 and 0.2 ml. To each of the cooled tubes, 1.00 ml. of 30 per cent (by 
volume) acetic acid was added to bring the final solution to about pH 5. 
After the tubes were thoroughly shaken, ninhydrin analyses were per- 
formed in the same fashion as with the unhydrolyzed aliquots. It has 
been found convenient to add the alkali and the acetic acid by a pipetting 
machine (25). To avoid damage to the machine, the alkali or acid re- 
maining after each use was flushed from the machine by 50 ml. (50 strokes) 
of water, and the syringe was left filled with water. Immediately before 


* The Pyrex tubes used for analysis of the alkaline hydrolysates were not eali- 
brated spectrophotometrically. The procedure yields only qualitative results, and 
most sets of Pyrex test tubes are found to give consistent readings to within +0.01 
optical density unit when tested with a solution of methyl red (25). After each anal- 
ysis, the tubes are half filled with a 2 per cent solution of Aleonox, heated in a boil- 
ing water bath for 3 hours, and serubbed with a test-tube brush. ‘The tubes gradually 
become etched and are discarded after ten or twelve uses. 
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the next use, the water was flushed out by 50 ml. of the alkali or acid to 
be employed. 

Pooling of Effluent Fractions—The contents of the tubes corresponding 
to a given peak on the effluent curve were combined and stored in the 
frozen state in polyethylene bottles until required for further study. The 
total volume was recorded and note was made of the exact fractions com- 
bined in order to permit calculation of the per cent of the peptide taken. 
When the peaks were well separated, the combined fractions were usually 
chosen to include 95 per cent or more of the peptide, discarding only those 
tubes that gave nearly negligible ninhydrin readings. When there was 
significant overlapping of zones, as with the peaks of Peptides 10 and 11 in 
Fig. 2, the entire curve for each individual peak was sketched in so as to 
reveal the fractions which clearly contained a mixture of the two compo- 
nents. Only the fully separated 75 per cent of each peak was pooled. In 
the case of the peaks of Peptides 2, 3, and 4 (Fig. 2), the whole mixture was 
taken for rechromatography. 

Rechromatography—If the amino acid composition of a given series of 
fractions or the shape of a peak on the effluent curve (before or after alka- 
line hydrolysis of aliquots from the fractions) indicated the presence of 
more than one peptide, rechromatography under slightly different experi- 
mental conditions (Fig. 3) was necessary. For this purpose, the pooled 
fractions were adjusted to pH 2.2 by the addition of 2 nN HCI and diluted 
with water to reduce the sodium concentration to about 0.2 x. In this 
way it was possible to avoid the application to the column of a concen- 
trated buffer solution that would cause major shrinkage of the resin bed. 
Although the volume of the sample added to the 150 X* 1.8 cm. columns 
sometimes reached 100 to 400 ml., the peaks on the curve were not unduly 
spread. At the low pH of the influent solution, the peptides were concen- 
trated at the top of the column. Exploratory experiments to determine 
suitable conditions for the rechromatography were run on 150 X 0.9 em. 
columns, and the effluent fractions were hydrolyzed with alkali in order to 
conserve material. 

Removal of Salts from Effluent Fractions—To desalt the basic peptides 
emerging after 2 liters (Fig. 2), the sodium acetate, citrate, and chloride 
present in the eluting buffers can be exchanged for ammonium acetate on 
a column of ammonium Dowex 50-X2, and the salt-free peptide can be 
obtained as a lyophilized powder after removal of the ammonium acetate 
by sublimation. ‘The more acidic peptides, if sufficiently stable, may- be 
desalted on columns of a basic resin (ef. (26)), or the preparative chromat- 
ogram can be run initially with ammonium formate or acetate buffers 
(27), as in the experiments of Askonas, Campbell, Godin, and Work (28). 

The desalting of Peptides 9, 10, 13, 14, and 16 was performed as follows: 


ti 


Se = 
& 


to: 
am 
slig 
for 
ons 
anc 


ide 


C. H. W. HIRS, 8S. MOORE, AND W. H. STEIN 629 


The Dowex 50-X2 used for the desalting was the 120 to 200 mesh material 
described above. The sodium salt of the resin was washed with 2 n HCl 
until no residue of sodium chloride could be detected upon evaporation of 
the filtrate. The acid form of Dowex 50-X2 was converted to the am- 
monium form by the procedure described previously (27). The ammonium 
resin was equilibrated with 0.2 m ammonium formate buffer at pH 3.1 
(for the preparation of the buffer, see Table II (27)). A column 4 em. in 
diameter and up to 15 em. in height was prepared (23). A volume of 800 
ml. of the settled resin at the pH and ionic strength of the ammonium for- 
mate buffer was found to be capable of desalting peptides present in 1 liter 
of buffer 1 N in Na. 

The sample to be desalted was adjusted to pH 2.2 by the addition of 2 
n HCl and was added to the column at a rate of 40 ml. per hour. Collec- 
tion of the effluent in 20 ml. fractions was begun immediately. The pep- 
tide solution was transferred quantitatively by using several rinses of 
0.2 M ammonium formate buffer of pH 3.1 to wash down the sides of the 
chromatograph tube, after which 0.2 Mm ammonium acetate buffer of pH 
5.1 (ef. Table II (27)) was passed through the column at a rate of 50 to 
100 ml. per hour. Aliquots of 0.10 ml. were withdrawn from each frac- 
tion, and the ammonium salts removed at 50° under reduced pressure in a 
desiccator (for details of the procedure, cf. (27)). Elution with 0.2 m 
ammonium acetate buffer at pH 5.1 was continued until no residue could 
be detected on visual inspection of the evaporated aliquots, showing that 
sodium ion had been washed out of the column. A further ten to fifteen 
fractions were collected, and the column was then eluted at a rate of 20 
ml. per hour with 1.0 M ammonium acetate solution. The evaporated 
0.1 to 0.2 ml. aliquots were analyzed by the ninhydrin method from this 
point onwards in order to locate the effluent fractions containing the pep- 
tide. If the desalting is done on a smaller scale, with a column 1.8 cm. in 
diameter, alkaline hydrolysis may be carried out on 0.05 ml. aliquots in 
order to conserve material. For the isolation of the peptide in quantita- 
tive yield, the appropriate fractions were evaporated to dryness on a 
rotary evaporator, the residue was dissolved in a minimal volume of water, 
and the resulting solution was lyophilized. To obtain a product free of 
ammonium acetate, lyophilization was repeated.® 

Amino Acid Analysis of Peptides—An aliquot from the pooled fractions 


® The peptide thus obtained may contain NH, held by free carboxyl groups. Prior 
toa confirmatory amino acid analysis of a desalted sample of Peptide 10, any residual 
ammonia was removed by rendering « solution of the lyophilized peptide (0.8 mg.) 
slightly alkaline with a drop of NallCO, and exposing the sample to reduced pressure 
for2 hours. The purity of the peptide isolated by this desalting procedure was dem- 
onstrated by an analysis which gave the molar ratios Thr; 99 Alas 9s Glu; Lyse 
and no ammonia (cf. Table 1). 


to 
he 
n. | 
ly } 
se 
as 
in 
to 
In | 
"as | 
of 
of 
ed 
ed 
his | 
n- 
ed. 
ns | 
ly 
ine 
m. 
to 
es 
on 
be 
ate 
be 
at- 
ers 
VS: 


630 PEPTIDES FROM RIBONUCLEASE 


was taken sufficient to give 0.5 to 1 umole of each amino acid present as a 
single residue in the peptide. If the sample chromatographed was derived 
from 200 mg. of oxidized ribonuclease of 12 per cent moisture content, the 
net weight of 176 mg. corresponds to 12.2 umoles, on the basis of a molecu- 
lar weight of 14,415 (13,895 + Ose + Hs) for the oxidized protein.?, There- 
fore, one-tenth of the total volume of the pooled fractions was usually 
taken for hydrolysis, since this amount, corrected for the volume removed 
from the fractions for ninhydrin analysis, would contain about 1 umole of 
a peptide liberated in 100 per cent yield by the action of trypsin. 

The presence of inorganic salts in moderate quantities does not interfere 
with the determination of amino acids on the ion exchange columns (24), 
and in the present study it was possible to carry out all of the analyses 
without separating the peptide from the buffer. Excess salt causes a 
broadening of the aspartic acid, serine, and threonine peaks. If such an 
effect was noted, the sample chromatographed was reduced to one-twentieth 
of the volume of the pooled fractions. If distortion were still observed, the 
peptide would have to be desalted before analysis.’ For hydrolysis, the 
aliquot to be analyzed was diluted with concentrated HCl to give a solu- 
tion approximately 7 N in acid. 1 drop of octanol was added to prevent 
foaming that would be caused by the BRIJ 35 in the sample, and the solu- 
tion was refluxed on an oil bath at 135° for 22 hours. The excess HCl was 
removed in a rotary evaporator. The residue of salts and amino acid 
hydrochlorides was contaminated by an insoluble white polymer, formed 
by the decomposition of the BRIJ 35. (This decomposition can be mini- 
mized by carrying out the hydrolysis in an evacuated sealed tube.) The 


7 The lyophilized, performic acid-oxidized protein probably binds formic acid on 
the basic groups of lysine and arginine and contains some NH, formate (19). For 
this reason the estimate of the amount of protein taken may be low by about 5 per 
cent. Because of the number of operations involved in the pooling and analysis of 
the effluent fractions, the yields reported for the peptides are not accurate to better 
than +10 per cent. 

8 In recent experiments it has been found possible to eliminate the salt oftect, when 
sodium acetate buffers are used, by precipitating NaCl from the hydrolysate with 
concentrated HCl. The residue after hydrolysis can be stirred thoroughly with 5 
ml. of concentrated HCI and transferred quantitatively to a centrifuge tube with an 
additional 5 ml. of HCl. The precipitate of NaCl is centrifuged, the supernatant 
solution is removed, and the precipitate is washed three times in the centrifuge tube 
with 2 ml. portions of concentrated HCl. The combined solution and washings are 
taken to dryness to remove both the excess HCl and the HOAc. This procedure is 
effective only if the anion in the buffer is volatile and is not practical if a residue of 
citric acid remains which must be partly neutralized with NaOH before chromatog- 
raphy. For this reason, it will probably be preferable for future work to use buffers 
containing only acetic or formic acid and to avoid the use of citric acid. When an 
experiment similar to the one illustrated in Fig. 2 is repeated with Na formate and 
acetate buffers, almost the same effluent curve is obtained. 
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residue was suspended in 5 ml. of water, and the suspension was adjusted 
very carefully to pH 2.0 to 2.2 (as measured with a glass micro electrode) 
by the addition of N NaOH. After centrifugation, the residual polymer 
was washed by centrifugation, and the combined supernatant fluids were 
evaporated under reduced pressure to a volume between 3 and 6 ml. At 
this point, 0.1 ml. of a standard solution containing known small quantities 
(0.10 to 0.15 umole) of NH,Cl, serine, leucine, phenylalanine, and a-amino- 
n-butyric acid was added to the hydrolysate and the whole sample was 
applied to a column of Dowex 50-X4 (23). The presence of these added 
components insured the correct identification of peaks on effluent curves 
when the peptides contained only a few amino acids. 

The elution technique described in the preceding paper (19) was used. 
Cysteic acid emerged as a distorted peak or a doublet extending for four 
or five fractions from the break through of the solvent front. The last 
one or two fractions of this peak contained a substance which gave a red- 
brown color in the ninhydrin reaction. This material, which is formed by 
decomposition of the constituents of the buffer mixture during acid hy- 
drolysis of the sample, continued to emerge for about 60 effluent ml. Since 
the absorption of this material at 570 my was found to be low, the color 
did not interfere appreciably with the determination of cysteic acid. 

In view of the simple composition of the majority of the peptides en- 
countered in the present work, it was not necessary to secure precise values 
for those amino acids undergoing decomposition on hydrolysis by analyzing 
hydrolysates obtained after two different times of heating (cf. (4)). In- 
stead, arbitrary corrections of 10 per cent for serine, 5 per cent for threo- 
nine, and 5 per cent for tyrosine were applied. A 5 per cent correction was 
also applied to the values obtained from these chromatograms for glutamic 
acid, in order to compensate for slight conversion to pyrrolidonecarboxylic 
acid during the exposure to 50° (ef. (24)). 

The validity of the analytical procedure was checked by analyzing a 3 
mg. sample of oxidized ribonuclease of known amino acid composition, to 
which 10 ml. of the 2 N sodium acetate-citrate buffer at pH 5.1 had been 
added prior to hydrolysis. 

The determination of the amide ammonia in the hydrolysates of the 
peptides was subject to such large corrections that the values reported in 
this paper are only tentative. Even when the concentrated HCl used for 
hydrolysis was as NH;-free as possible and precautions were taken to pre- 
vent uptake of NH; through the reflux condenser, the NH; present in 
control hydrolysates was approximately 0.4 umole. This value was sub- 
tracted from the total NH; of each peptide hydrolysate, along with a cor- 
rection for the ammonia calculated to be formed by the decomposition of 
the hydroxyamino acids (cf. (4)). 
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The empirical formula of each peptide was estimated from the micro- 
moles of each amino acid. The values in Table [ represent the molar 
ratios based upon 1.00 for the average number of micromoles per residue 
calculated from the values for the stable constituents which were unequivo- 
cally present in integral proportions. In nearly all instances, the results 
were sufficiently clear-cut to permit all of the residues to be included in 
the average 

The percentage yields of each of the peptides per molecule of ribonuclease 
were calculated on the assumption that the sequence represented by a 
given peptide occurred only once in the protein molecule. The recoveries 
were based on the moles of terminal lysine or arginine found for each pep- 
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Fic. 1. The rate of the hydrolysis of oxidized ribonuclease (0.50 per cent solution) 
by trypsin at pH 7.0 and 25°. Curve A, trypsin concentration 0.025 per cent; Curve 
B, trypsin concentration 0.0025 per cent. 


tide. The recoveries thus calculated are underlined in Figs. 2 and 3. Ina 
few instances the recovery after 3 or 20 hours of tryptic hydrolysis was 
estimated by comparing the area under the peak with that obtained from 
another experiment in which the peptide was actually isolated and ana- 
lyzed; the yields thus obtained are not underlined. 


Results 


The course of the tryptic hydrolysis of oxidized ribonuclease at pH 7.0 
and 25° is indicated by the curves shown in Fig. 1. The curves are cor- 
rected for the almost negligible amount of ninhydrin color contributed by 
the autolysis of the trypsin over the given time period. It will be seen 
that the reaction proceeds almost to completion within a period of ap- 
proximately 3 hours, and that the degree of hydrolysis, as measured by the 
ninhydrin reaction, is nearly independent of the enzyme concentration over 
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a 10-fold range. In view of the results shown in Fig. 1, the hydrolysates 
obtained after the action of 0.0025 per cent trypsin on oxidized Armour 
ribonuclease for 3, 6, and 20 hours were investigated. The Armour prepa- 
ration (assaying 93 per cent ribonuclease A chromatographically) was used 
because of its greater availability, but a 20 hour tryptic hydrolysate of 
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Fig. 2. The peptides in a 20 hour tryptic hydrolysate of oxidized ribonuclease. 
Chromatography of a hydrolysate from 200 mg. of protein was carried out on a 150 
X 1.8 cm. column of Dowex 50-X2. The mixing chamber for the influent buffer had 
a volume of 2450 ml. The effluent was collected in 10 ml. fractions. Aliquots (0.5 
ml.) were removed for analysis by the ninhydrin method. The figures in parentheses 
give the yield of each peptide after 3 and 20 hours of hydrolysis by trypsin. The 
underlined figures were derived from the analytical data in Table I. The sequence 
of the amino acid residues in brackets is undetermined. An additional peptide (No. 
16) was eluted at about 5 liters after a change at 4.5 effluent liters to a 2 N sodium 
acetate buffer at pH 6.6 and the temperature was raised to 50°. 


oxidized ribonuclease A (19) was also chromatographed for comparison. 
The preliminary chromatograms were carried out as purely analytical ex- 
periments with columns 0.9 cm. in diameter. 

When the reaction products obtained after 20 hours of tryptic hydrolysis 
of 200 mg. of oxidized Armour ribonuclease were chromatographed on a 
150 X 1.8 cm. column of Dowex 50-X2, the effluent curve shown in Fig. 2 
was obtained. The results obtained after hydrolysis of each fraction with 
alkali have not been included in the figure. Alkaline hydrolysis showed 
that no ninhydrin-negative peptides were being overlooked. The small 
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peaks at 0.5, 1.2, 1.7, and 2.0 effluent liters did not rise on alkaline hydroly- 
sis and were not investigated further. The peak given by NH; disappeared 
as a result of the alkaline treatment. At 4.5 liters, the eluent was changed 
to a 2 N sodium acetate buffer at pH 6.6 and the temperature was raised 
to 50°. An additional peak, Peptide 16 (best detected by alkaline hydroly- 
sis of the effluent fractions), emerged at about 5 liters. This peptide was 
isolated more readily in a separate experiment described below. After the 
elution of Peptide 16, the resin was removed from the column and washed 
with 0.2 n NaOH to determine whether even more firmly bound peptides 
were present. A small amount of material, corresponding to less than 3 
per cent of the initial hydrolysate, was thus eluted. 

The curve obtained from a tryptic hydrolysate of chromatographically 
purified oxidized ribonuclease A was the same as that shown in Fig. 2, and 
hence the more readily available Armour preparation was used in all 
subsequent studies. Practically identical chromatograms were obtained 
with 3 and 6 hour tryptic hydrolysates, except that the yields of Peptides 
7 and 9 were lower (Fig. 2) than those in the 20 hour hydrolysate. 

The quantitative amino acid analyses summarized in Table I indicated 
that the peaks marked 5, 6, 7, 8, 10, 11, 12, and 15 had arisen from indi- 
vidual peptides which showed integral molar ratios for the constituent 
residues. . The amino acid composition of each of these is given adjacent to 


the corresponding peak. The abbreviations Cys and Met correspond to — 
cysteic acid and methionine sulfone residues in the oxidized chain arising © 


from the half cystine and methionine residues in the original protein. Be- 


cause of the specificity of trypsin, the basic amino acid, arginine or lysine — 


has been placed in the carboxyl-terminal position. Amino acid analyses 
suggested the presence of a mixture of peptides in the region of the curve 
labeled 1, 2, 3, and 4, an impurity in Peptide 9, and a mixture of two pep- 
tides at the position labeled 13 + 14. 

To separate mixtures of peptides not adequately resolved in an experi- 
ment of the kind shown in Fig. 2, rechromatography under different ex- 
perimental conditions of pH or temperature on columns 150 X 1.8 cm. was 
employed. The material corresponding to the peaks marked 2, 3, and 4 
in Fig. 2 was separated into three components (Fig. 3, A) on a chromato- 
gram operated at 35° in which the sodium concentration of the eluting 
buffer was maintained constant (0.2 N), while the pH of the eluent was 
changed gradually from pH 3.1 to 4.3. At 25°, the relative positions of 
peaks of Peptides 2 and 4 were reversed. Since the ninhydrin color yield 
of many of these peptides was found to be low, the alkaline hydrolysis 
procedure was used for analysis of all the chromatograms shown in Fig. 3. 
Rechromatography of Peptide 9 and the mixture of peptides in the peak 
marked 13 and 14 was carried out (Figs. 3, B and 3, C) on a column operated 
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at 50° with an eluent of more gradually increasing pH and ionic strength 
than that employed for the first chromatogram. While Peptide 9 was 
purified adequately, Peptides 13 and 14 were only partially separated into 


Icys, Glu,(yNH), Ala,.Met,, 4 Peptides 
Tyr, Sere, Thr, His] Lys (50;45%) 2,384 


[Cys,,Asp, Giu(yNH,)G! lieu, Met, 
LO Ty%,5er,, Arg (55; 


0.5}- 
1 A 

Effluent liters 10 20 

Gradually increasing pH,31-> 43, at constant [Na’],35°4 

Peptide 9 
0 
[Cys,, Asp, (Ni), Glu,(yNH,), Val, Leu,Pro, 
Phe, Ser,, Thr His, Lys] Lys 
(30; 50%) 

B 

Effluent liters 20 “50 


kGradually increasing pH a pH 51),504 
Peptides 138 14 


(Cys, Asp-NHp,Ala, Tyr,,Pro] Lys (-,;85%) 
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Fic. 3. Rechromatography of peptide fractions obtained from the chromatogram 
shown in Fig. 2, with the exception that the curve for Peptides 2, 3, and 4 applies to 
a3 hour tryptic hydrolysate. In each case chromatography was carried out on a 
150 X 1.8 cm. column of Dowex 50-X2. A 2450 ml. mixing chamber for the influent 
buffer was used. The effluent was collected in 10 ml. fractions and 0.50 ml. aliquots 
were removed and subjected to alkaline hydrolysis prior to analysis by the ninhydrin 
method. 


Ninhydrin Color Value after Alkaline Hydrolysis (Leucine equivalents- mM conc) 


two components giving overlapping peaks on the effluent curve (Fig. 3, C). 
Attempts to improve this separation by using an even more gradual in- 
crease of the pH and ionic strength of the buffer, or by incorporating 20 
per cent (by volume) of ethanol into the eluent, have been unsuccessful. 
Only the fractions in the right-hand half of the peak of Peptide 14 and the 
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left-hand portion of the peak of Peptide 13 were pooled for amino acid anal- 
ysis. 

Because of the tenacity with which Peptide 16 is bound to Dowex 50, it 
was obtained more readily by employing a shorter column, in the manner 
shown in Fig. 4. When the effluent fractions from the two areas of the 
curve enclosed in brackets were chilled at 4° overnight, crystalline peptides 
separated. After centrifugation and washing with water, this material 
was hydrolyzed and subjected to amino acid analysis to give the results 
shown adjacent to the peaks. 

The analytical data from which the empirical formulae shown in Figs. 2, 
3, and 4 were derived are given in Table [. In the table, the peptides are 
numbered as in the figures, but the numbers are preceded by the abbrevia- 
tion O-Tryp to indicate that they have been formed by tryptic hydrolysis 
of oxidized ribonuclease. This abbreviation will be followed hereafter in 
the text. The compositions of the individual peptides in terms of the 
integral number (+10 per cent) of amino acid residues per mole are given 
in bold-faced type in Table I. The sensitive method of analysis, however, 
is capable of revealing the presence of impurities in the fractions secured 
from the chromatogram at levels approximately 5 to 10 per cent of the 
main component. All values for amino acids present at as much as 0.01 
of a residue are included in Table I. 

Only a few of the peptides shown in Figs. 2, 3, and 4 require detailed 
comment. From the amino acid analyses in Table I, the composition of 
O-Tryp 10 is Glu, Thr, Ala3, Lyse, indicating that, in all likelihood, it comes 
from the amino-terminal portion of the molecule, the first 4 residues of 
which have been found by Anfinsen, Redfield, Choate, Page, and Carroll 
(3) to be Lys.Glu.Thr.Ala-. For further study, the effluent fractions con- 
taining this peptide were desalted and approximately 4 mg. of the peptide 
were obtained on lyophilization. The amino acid composition of the iso- 
lated peptide® was the same as that determined initially (Table I). A 
portion of the isolated material (0.8 mg.) was allowed to react with an 
excess of dinitrofluorobenzene under the conditions used for the intact 
protein (19). The excess reagent was removed and the reaction product 
was hydrolyzed. The only ether-soluble dinitrophenylamino acid _re- 
covered was bisdinitrophenyllysine in a yield of 70 per cent of 1 mole per 
mole of peptide O-Tryp 10 (uncorrected for hydrolytic and other losses). 
The aqueous fraction contained traces of dinitrophenylthreonine, dinitro- 
phenylglutamic acid, dinitrophenol, and, as the main constituent, ¢-dini- 
trophenyllysine. While the structure of peptide O-Tryp 10 remains to be 
proved, the presence of an amino-terminal lysine residue, the absence of 
free lysine on the chromatogram shown in Fig. 2, and the composition of 
this peptide all support the hypothesis that it is derived from the amino- 
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terminal portion of the ribonuclease molecule. O-Tryp 10 has thus been 
tentatively assigned the structure Lys.Glu.Thr.Ala.Ala.Ala.Lys. 

As can be seen from Fig. 3, B, O-Tryp 9, the quantity of which increases 
from 30 to 50 per cent with increasing time of tryptic hydrolysis was found 
to contain 2 residues of lysine per molecule. Inasmuch as O-Tryp 9 con- 
tains proline, the presence of a trypsin-resistant lysyl linkage might be 
ascribed to the existence of a -Lys.Pro- bond, which was shown by Bell (12) 
to be present in 8-corticotropin and not to be hydrolyzed by trypsin. 

The quantity of O-Tryp 2 decreases quite markedly as the time of the 
hydrolysis with trypsin is lengthened, as may be seenfrom Fig. 3, A. Thus 


3.0 Valy, 
Leu, Pro, Phe Ser,, Thr His, Lys,Arg} Lys 

‘ (Cys, Asp(aNHp), 
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Fic. 4. Chromatography of peptides in a 20 hour tryptic hydrolysate of oxidized 
ribonuclease. A hydrolysatefrom 190 mg. of protein was chromatographed on a 30 X 
1.8 em. column of Dowex 50-X2. The mixing chamber for the influent buffer had a 
volume of 610 ml. The effluent was collected in 10 ml. fractions and 0.2 ml. aliquots 
were removed for analysis by the ninhydrin method. Additional 0.2 ml. aliquots of 
the fractions containing Peptide 16 were also analyzed after alkaline hydrolysis 
(open circles). The fractions enclosed in brackets deposited crystalline precipitates 
on standing at 4°. 
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Ninhydmin color value 
(Leucine equivalents- mM conc) 


far, however, no peaks attributable to further split-products formed from 
O-Tryp 2 have been found in 20 hour tryptic hydrolysates; hence the 
nature of the degradation is not known. 

Q-Tryp 13 was obtained in a yield of about 20 per cent after 20 hours 
and in higher yields after shorter times of hydrolysis. A sample from the 
experiment shown in Fig. 3, C gave an analysis indicating the composition 
given in the figure, although the quantity of peptide analyzed was insufb- 
cient to insure optimal precision. A completely satisfactory analysis was 
obtained from the sample of the peptide that crystallized from the effluent 
obtained in the experiment shown in Fig. 4. From its amino acid analysis, 
O-Tryp 13 would clearly appear to be composed of O-Tryp 7 and O-Tryp 
9. O-Tryp 13 is apparently unusually slowly cleaved by trypsin to the 
two smaller peptides. 
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Two of the fractions numbered in Figs. 2 and 3 were obtained in too 
small a yield to permit accurate amino acid analysis and are not included 
in Table I. O-Tryp 1 represented a small amount of material which did 
not contain basic amino acid residues. O-Tryp 3, obtained in 3 per cent 
yield at 3 hours and in about 15 per cent yield after 20 hours of tryptic 
hydrolysis, has an amino acid composition very close to that of O-Tryp 4 
and is probably derived from the same section of the ribonuclease molecule 
as O-Tryp 4. 

As may be seen from Fig. 4, O-Tryp 16 contains 20 amino acid residues 
and is devoid of arginine and lysine. It therefore appears to be a segment 
liberated by trypsin from the carboxyl-terminal portion of the ribonuclease 
molecule. It is noteworthy that this fragment contains 2 of the 3 isoleu- 
cine, 2 of the 4 histidine, and 4 of the 9 valine residues present in the entire 
molecule. Although the peptide contains only an a-amino group and no 
guanidino or e-amino groups, it is much more firmly bound to Dowex 50 
than are any of the other peptides in the hydrolysate, all of which contain 
a greater number of basic groups. ‘This retardation is the result of the 
affinity of the resin for the 4 cyclic residues (2 histidine, 1 phenylalanine, 
and 1 tyrosine) present in Peptide 16. 

In the next to the last column of Table I is given the total number of 
amino acid residues accounted for by the thirteen principal peptides, the 
compositions of which are given in Figs. 2,3, and 4. O-Tryp 13, obtained 
in small yield, gave an analysis for a combination of O-Tryp 7 and O-Tryp 
9 and was not included in the summation. The thirteen peptides have 
all been recovered in yields of 50 to 100 per cent of theory. The recovery 
based upon the stoichiometry is 124 of the 126 residues recently (4) esti- 
mated to be present in ribonuclease. ‘The 2 residues not accounted for in 
the isolated peptides are 1 of the 16 estimated aspartic acid residues and 
lof the 5 previously indicated proline residues. Both the aspartic acid 
and proline determinations for the whole protein were subject to correc- 
tions for apparent destruction of these two amino acids during acid hy- 
drolysis. ‘The doubtful nature of the extrapolated aspartic acid value was 
noted at the time ((4), p. 947) and the clear-cut analyses obtained with the 
peptides in the present study lend weight to the conclusion that 15, not 16, 
residues of aspartic acid are present in ribonuclease. If the average value 
for aspartic acid ((4), Table I) had been taken without correction, a figure 
of 15 aspartic acid residues would have been obtained. In the case of 
proline, for the determination of which the ninhydrin method is less ac- 
curate than it is for the other amino acids, the analytical results showing 4 
residues in the peptides are in agreement with the proline value that was 
obtained after 72 hours of acid hydrolysis of ribonuclease (4). It is not 
possible at the present time to be certain how much significance should be 
attached to the 10 per cent higher values for proline which were found when 
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20 hour hydrolysates were analyzed. As already mentioned, the amide 
NH; values for the peptides listed in Table I are tentative. 


DISCUSSION 


Transpeptidation reactions must be considered when proteolytic enzymes 
are used as hydrolytic reagents (cf. Durell and Fruton (29) and Waley and 
Watson (30)). In the present work, two considerations indicate that 
transpeptidative phenomena are not playing a significant réle. In the 
first place, all but one of the peptides given in Figs. 2, 3, and 4 have been 
obtained in yields of from 50 to 100 per cent of theory. It is unlikely that 
products of transpeptidation reactions would be obtained in such high 
yields in dilute homogeneous solution. In the second place, transpeptida- 
tion by trypsin would probably lead to the formation of peptides having 
more than one basic amino acid per molecule. Ten of the fourteen pep- 
tides isolated contain only a single basic amino acid; two peptides each 
contain two, and one contains three. One of these peptides, O-Tryp 10, 
possesses an amino-terminal lysine, a structure known to exist in the parent 
ribonuclease molecule. ‘The presence of an amino-terminal lysine residue 
in this peptide would indicate, therefore, that an amino-terminal lysyl- 
glutamy! bond is resistant to tryptic hydrolysis. In any case, it seems 
improbable that a peptide of this structure could have been synthesized by 
the action of trypsin. The presence of 2 lysine residues in a second pep- 
tide, O-Tryp 9, also seems to be attributable to a trypsin-resistant lysyl 
bond. By virtue of its amino acid composition, O-Tryp 9 could not have 
been enzymatically synthesized from any pair of peptides isolated thus 
far. From experiments now being carried out on the chymotryptic cleay- 
age of oxidized ribonuclease, it is possible to conclude with certainty that 
O-Tryp 13 represents an incompletely hydrolyzed fragment of the mole- 
cule and not a product of transpeptidation. 

In the final analysis, the validity of the results obtained with trypsin can 
only be established by similar investigations in which other proteolytic 
enzymes possessing different specificities are utilized. All of the peptides 
obtained must fit together to give a consistent picture. The compositions 
of the peptides formed by the action of chymotrypsin and pepsin on oxi- 
dized ribonuclease are currently being investigated. The results obtained 
thus far are completely compatible with the distribution of amino acid 
residues found among the peptides yielded by tryptic hydrolysis. The 
earlier work of Sanger and Tuppy and Sanger and Thompson (9, 10), of 
Bell (12), and of White and Landmann (13), coupled with the results de- 
scribed in this communication, indicate that trypsin is a reagent generally 
applicable to investigations of the chemical structure of proteins. 
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SUMMARY 


Trypsin has been utilized as a specific reagent for the partial hydrolysis 
of oxidized ribonuclease. Since the protein contains 10 lysine and 4 argi- 
nine residues, tryptic hydrolysis might be expected to yield fourteen or 
fifteen peptide fragments. Ion exchange chromatography of tryptic 
hydrolysates (200 mg.) on columns of Dowex 50-X2 (150 X 1.8 em.) 
proved to be a suitable method for the separation of thirteen peptides in 
yields of 50 to 100 per cent. Each peptide has been subjected to quanti- 
tative amino acid analysis on columns of Dowex 50-X4. The 4 arginine 
residues in ribonuclease have been recovered in the form of two dipeptides, 
a tripeptide, and a large peptide containing 19 amino acid residues. The 
10 lysine residues have been found in a tetra-, a penta-, two hexa-, and 
two heptapeptides and in two peptides of 21 and 22 amino acid residues, 
respectively. One of the heptapeptides is derived from the amino-terminal 
end of the molecule. From its amino acid composition, considered in con- 
junction with the data of Anfinsen and associates, the amino-terminal se- 
quence is found to be Lys.Glu.Thr.Ala.Ala.Ala.Lys-. The large peptide 
of twenty-two amino acids also contains 2 lysine residues, 1 of which ap- 
pears to be present in a trypsin-resistant bond. A peptide containing 20 
amino acid residues but no lysine or arginine is considered to be derived 
from the carboxyl-terminal portion of the molecule. 

The nature and the yield of the peptides thus isolated indicate that 
transpeptidation does not interfere with the use of trypsin as a reagent for 
the cleavage of the protein. The thirteen peptides recovered from the 
tryptic hydrolysate account for a molecule containing 124 amino acid 
residues and possessing a molecular weight of 13,683. 
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The development of methods for separating cells into several discrete 
fractions (1) has led in recent years to a large volume of work on the sig- 
nificance of these fractions. It is of importance, therefore, that the chemi- 
cal morphology of the various fractions be thoroughly studied also. Some 
work has been done on the lipide composition of liver cell fractions (2-9), 
but data are lacking for several of the known lipide components. This 
paper will describe a more extensive investigation of the lipides of nuclei, 
mitochondria, microsomes, and supernatant fractions isolated from the 
livers of rats, with special emphasis on the phospholipide pattern. 

In addition, data are presented on the effect of choline deficiency on the 
lipide pattern of these cell fractions. Extensive studies have been made 
of the effect of choline deficiency on the lipides of unfractionated rat liver 
by several investigators (10-17). In undertaking this experiment, it was 
thought that the effect of choline deficiency might be magnified in some 
one fraction, possibly in the mitochondria, because of their prominent 
role in fatty acid metabolism. This was not found to be the case, however, 
and the possible significance of this finding will be discussed. 


EXPERIMENTAL 


Three initial experiments were carried on on a total of seven adult male 
rats which had been maintained on a stock ration. Analyses were run 
on the pooled livers of two or three such animals. 

For the second set of experiments, male rats (Rockland Farms) weighing 
80 gm. were separated into control and choline-deficient groups, each 
group containing six, twelve, twelve, and twelve animals in the respective 
experiments and maintained on an experimental diet for 2, 2, 4, and 6 
weeks, respectively. The choline-deficient diet consisted of purified casein 
(Labeo, vitamin-free) 150 gm. per kilo, Crisco 150 gm., Wesson oil 50 gm., 
34 per cent mixed tocopherols (Distillation Products, Ine.) 1 gm., cod 
liver oi! 10 gm., sucrose 200 gm., glucose 400 gm., salts (Phillips and Hart) 
40 gm., thiamine hydrochloride 3 mg., riboflavin 4 mg., pyridoxine hydro- 
chloride 3 mg., caleium pantothenate 10 mg., and nicotinic acid 10 mg. 


* This work was supported by a grant from the Life Insurance Medical Research 


Fund. 
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The control ration had, in addition, 2 gm. of choline chloride per kilo of 
ration in the 2 and 4 week experiments and 4 gm. per kilo of ration in the 
6 week experiment. 

At the termination of each experiment, the rats were fasted for 16 hours 
to remove glycogen particles from their livers. After the animals were 
decapitated, the livers from each group were pooled in iced beakers, minced, 
and diluted 10-fold with cold 0.25 m sucrose. The mince was homogenized 
in a Potter-Elvehjem type tissue grinder with Teflon pestle for approxi- 
mately 4 minutes, forced through muslin to remove coarse connective tis- 
sue particles, and centrifuged in a Servall angle centrifuge (type SS-1), 
according to a modification of the procedure of Schneider and Hogeboom 
(18). The nuclei were washed by resuspending in a solution 0.25 m in 
sucrose and 0.0018 m in CaCl, (19), and the microsomes were sedimented 
by centrifuging 4 hours at 24,000 X gq. 

Each fraction was suspended in a convenient volume of distilled water, 
an aliquot was taken for total nitrogen, and the remainder was added to 
15 times its volume of alcohol-ether, 3:1. Extraction and purification of 
the lipides were carried out as previously described (20). The lipides from 
each fraction were analyzed for total lipide phosphorus, nitrogen, and 
choline (20), sphingosine (21), inositol (22), fatty acids (23), and choles- 
terol (24). Ethanolamine and serine were determined by separation on 
a permutit column (25), followed by development of the primary amine 
color with 1,2-naphthoquinone-4-sulfonate (26, 27). The use of this 
reagent in lipide analysis will be considered in another paper. 

An attempt was made to extract lipoprotein material from the micro- 
some fraction. The extraction procedure of Carver and Thomas (28) as 
applied to liver nuclei was employed, with 0.14 m NaCl, 1 Mm NaCl, and 
0.1 N NaOH being used in sequence. The extracts were centrifuged for 
30 minutes at 24,000 & g, and the 1 Mm NaCl extract was recentrifuged for 
3 hours to yield clear solutions. Precipitates were obtained from the 0.14 
M NaC! extract and the NaOH extract by acidification to pH 4 and 6, 
respectively, with glacial acetic acid. A precipitate was formed from the 
Im NaC! extract by dialysis against distilled water. All precipitates were 
harvested by centrifuging for 30 minutes at 13,000 « g. The precipitate 
from each extract and the final residue left after the NaOH extraction were 
extracted with Bloor’s solution and analyzed for lipide phosphorus, cho- 
lesterol, and total fatty acids. 


Results 


The lipide composition of the cellular fractions of animals fed on stock ra 
tion and the experimental diets is shown in Tables 1, 11, and TIL, ‘The eel- 
lular fractions vary markedly in the amount and type of lipides which they 
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contain, but are similar in the pattern of their phospholipides. Whereas 
the nuclei, mitochondria, and microsomes are quite rich in lipides, the 
supernatant fraction is low in total lipides (Table 1). The lipides of the 
first three fractions are composed primarily of phospholipide with some 
cholesterol, while the supernatant lipide is largely neutral fat. 


TaBLe I 
Lipide Composition of Rat Liver Cell Fractions* 


| Per cent total lipide 


Fraction 
lipi Cholesterol Neutral fat 
Nuclei... 16 | 93 | 465 | 2.5 
Mitochondria | | 21 03 5.5 1.4 
| 32 O4 §.8 | 0 
| 7 28 3.9 | 68 


* Calculated from data on choline-fed control animals. 

t Mg. of phospholipide = mg. of lipide P X 25 (Swanson and Artom (7)). Neutral 
fat = total fatty acids — phospholipide fatty acids (millimoles of phospholipide x 
2 X 280 (Artom and Fishman (36)). Total lipide = mg. of phospholipide + mg. 
of cholesterol + mg. of neutral fat. 


Il 
Phospholipide Pattern of Liver Cell Fractions of Stock Diet Rats 


— 


Molar ratio of components to phosphorus 


Fraction Lipide P 


TotalN | Choline Inositol 


——$_— 


pmoles pmoles 
per gm. per 


| 
| 


residue 
Nuclei. _ 249 1.4 0.98 0.47 0.08 0.09 
Mitochondria. 1.6 | O.89 0.43 | 0.06 0.07 
Microsomes | 2.8 0.08 0.58 0.06 0.11 
Supernatant it “ae 0.2 1.40 0.59 0.14 0.11 


The pattern of the phospholipides is comparable in the animals fed the 
stock ration and those fed the experimental diets. All of the phospho- 
lipide components studied were found to be present in the four cellular 
fractions and to comprise a similar percentage of the phospholipides in 
each, With a few minor exceptions. lor example, the percentage of choline 
phospholipides tends to be higher in the microsomes and supernatant frae- 
tion than in the nuclei and mitochondria, The percentage of sphingosine- 
containing lipides in the supernatant fraction is markedly higher than in 
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* Calculated as total fatty acids less phospholipide fatty acids (Artom and Fishman (36)). 
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the other fractions (Table II). This indicates that the lipide here desig- 
nated as supernatant lipide is indeed a distinct entity and not merely un- 
sedimented microsome material. 

In the experiments in choline deficiency, the fact that the deficiency was 
actually produced is indicated by the neutral fat accumulation in the livers 
_ of the deficient animals of each experiment, as judged by the increased 
amount of fatty acids present in each deficient fraction, particularly the 
supernatant fraction (Table III). Moreover, total liver lipide was deter- 
mined separately by extraction of an aliquot of the original liver homog- 
enate with Bloor’s reagent and chloroform (20). In the 4 and 6 week 
experiments the livers of control animals contained respectively 24 and 26 
per cent lipide on a dry weight basis, whereas the livers of deficient animals 
contained 55 and 67 per cent lipide, respectively. Despite this neutral 


TaBLe IV 


Comparison of Lipide Composition of Lipoprotein Extracts and Intact Microsomes 
from Choline-Deficient and Choline-Fed Rats 


0.14 M 0.14 M Intact Intact 
1 NaCl | 1 NaCl- er 


microsomes | microsomes 


— - 


Mg. of fatty acids 


pmoles of phosphorus 
Mg. of cholesterol 


of phosphorus 


0.60 0.67 0.55 0.63 0.52 0.64 


| 
0.067 | 0.058 | 0.054 0.059 0.048 0.052 


| fat accumulation, neither the pattern nor the amount of phospholipides 
shows a consistent difference between the control and the deficient groups. 
The only difference noted was the lower choline to phosphorus molar ratio 
in the deficient mitochondria of the 4 week experiment. In the 6 week 
experiment this relationship is reversed. However, the total phospho- 
lipides of the deficient mitochondria are lower than in the control mito- 
chondria of this experiment, and the total choline per gm. of mitochondrial 
residue is the same in both groups. 

The lipoprotein material obtained from the deficient microsomes of the 
6 week experiment contains, as do the intact microsomes, an increased 
amount of fatty acids, presumably from neutral fat. A comparison of the 
| lipoprotein lipide composition with the intact microsome lipides appears 
in Table IV. Approximately 25 per cent of the total lipide phosphorus, 
cholesterol, and fatty acids was obtained in the first two extractions. The 
remainder of the microsome cholesterol and fatty acids was found in the 
alkaline extract and the residue. The lipide phosphorus was only 50 per 
cent recovered. This discrepancy between phosphorus and fatty acids 
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and cholesterol content occurred in the last two fractions and may have to 
been due to hydrolysis in the alkaline-extracting medium. bee 
A comparison of the dry lipide-free residue weights of the mitochondria lip) 
isolated from control and deficient animals was made for each experiment, nti 
When the mitochondrial residue was expressed as per cent of the combined | °" 
mitochondrial, microsomal, and supernatant residues, the amounts recov- | for 
ered from deficient livers were less than those from the controls by 22, 13, ’ 
68, and 15 per cent in the four experiments. ‘ 
DISCUSSION by 
The data presented in this paper represent a more extensive analysis of | P¥° 
the lipide components of liver cell fractions than has previously been made. | 5“ 
Data available from the previous studies is incomplete both with respect lip 
to the lipide components studied and the cell fractions isolated. Some { Pf 
authors have reported data only on the total lipide and phospholipide of act 
one or two fractions (2, 4, 5). More complete studies have been made by lip 
Kretchmer and Barnum (6) on mouse liver mitochondria, microsomes, and | "4 
supernatant fractions; by Williams et al. (3) on dog and rat liver nuclei; | ™*® 


by Swanson and Artom (7) on rat liver mitochondria; and by Levine and 
Chargaff (8) on the complete group of rat liver cell fractions. The reports en 


of Kretchmer and Barnum and Williams et al. lack data on several phos- P 
pholipide components, that of Swanson and Artom data on inositol, and (10- 
that of Levine and Chargaff data on sphingosine and inositol. _— 
It is difficult to compare our data with those previously reported because | °°” 
of the variations in cell fractionation technique, analytical technique, and | *8&° 
species of animal used. The previous data, indeed, do not agree well. ! ™) 
The values reported for total lipide range for nuclei from 11 to 18 per cent, _ 
for mitochondria from 14 to 30 per cent, for microsomes from 29 to 45 the 
per cent, and for supernatant fractions from 12 to 16 per cent. Our values chol 
for total lipide fall in these ranges, with the exception of the supernatant _ 
fraction in which we find less lipide. In the particulate fractions, the val- phos 
ues reported here for phospholipide as per cent of calculated total lipide a. 
are generally higher and for neutral fat generally lower than those pre- _ 
viously reported. This discrepancy, however, may be more apparent _ 
than real because of the assumptions used in the calculations. “ 


Our data for the phospholipide pattern of mitochondria are comparable def 
to those reported by Swanson and Artom (7). The phospholipide pattern — 


presented by Levine and Chargaff (8) indicates a slightly higher percentage _ 
of choline phospholipides and a markedly higher percentage of ethanol- a 
amine phospholipides in all fractions. When their figures for the molar} . a 
ratios of choline, ethanolamine, and serine to lipide phosphorus are added, i 


the value for the ratio is, in general, above unity, with a range from 1.01 
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to 1.32. Our values for this ratio are always less than unity, as has also 
been observed by Swanson and Artom (7). Indeed, the ratio of total 
lipide nitrogen to phosphorus in whole liver is usually of the order of mag- 
nitude of unity, with the known four lipide bases comprising 85 to 90 per 
cent of the total nitrogen and an unidentified tertiary amine accounting 
for a major part of the remainder. 

Very little work has been done thus far on the lipoproteins of cellular 
fractions. A lipoprotein has been isolated from liver nuclei by alkaline 
extraction (28, 29), and liver supernatant lipoproteins have been obtained 
by alcohol fractionation (30). The attempt to obtain a microsome lipo- 
protein was undertaken to determine in what manner neutral fat is as- 
sociated with the particulate fractions of the deficient animals. Since 
lipide material was made soluble by the extracting media and was then 
precipitated along with the protein, it seems likely that lipoproteins were 
actually obtained and that these contained neutral fat as a portion of their 
lipide material. Since the data demonstrate only a very small amount of 
neutral fat in the particulate fractions of control animals, the question is 
raised whether the increased amount of neutral fat in deficient fractions is 
secondary to the increased neutral fat level in the cell or whether a more 
primary significance may be attributed to its presence. 

Previous studies on the effect of choline deficiency on unfractionated rat 
(10-17) and puppy (31) liver phospholipides have demonstrated, in some 
cases, decreases in total phospholipides or an alteration in their pattern 
consisting mainly of a decrease in choline phospholipides. However, the 
age of the animals (16) and the fat (17) and protein (12) content of the diet 
may markedly alter these effects. Under the conditions of the experiments 
presented here, no change was found either in the amount or pattern of 
the phospholipides in any cellular fraction. If the lipotropic action of 
choline is assumed to be a function of its presence in structural or en- 
zymatic phospholipides, it might be expected that a decrease in choline 
phospholipides would precede the fatty infiltration of the liver. This de- 
crease might be expected in the mitochondria since they are the site of 
fatty acid oxidation (32) and phospholipide synthesis (33), and it has been 
demonstrated that mitochondria from deficient livers are less capable of 
oxidizing fatty acids than those from normal livers (34). The fact that 
the mitochondrial phospholipides are unaltered after 2 weeks of choline 
deficiency when fat accumulation in the liver is already marked tends to 
invalidate this concept of choline action unless a critical change does occur 
ina very small fraction of total mitochondrial lipoprotein. It seems, fur- 
thermore, unlikely that the slight decreases in mitochondrial mass observed 
in the deficient livers could adequately explain a metabolic defect of this 
severity. The action of choline in the metabolism of neutral fat by liver 
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may mstead be exerted catalytically and focused ina relatively few enzyme 
systems (35), 


SUMMARY 


Analyses of the lipides of rat liver cell fractions demonstrate that the 


fractions vary with respect to the amount and type of lipide present, but 
the phospholipide pattern is quite similar from one fraction to another, | 


The lipide content of the nuclei, mitochondria, and microsomes increases 
in that order and is composed chiefly of phospholipide with some choles- 
terol. The supernatant fraction has very little lipide, and that is mainly 


neutral fat. 
Fatty infiltration of the liver incident to choline deficiency was produced 


in several groups of rats. No changes in the phospholipide content or | 


pattern of any fraction were observed. Neutral fat accumulation was 
found in the particulate cell fractions of deficient livers as well as in the 
supernatant fraction and was also found associated with a lipoprotein ma- 
terial extracted from deficient microsomes. 
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TRANSGLYCOSYLATION DURING THE MIXED DIGESTION 
OF HYALURONIC ACID AND CHONDROITIN SULFATE 
BY ‘TESTICULAR HYALURONIDASE* 


By PHILIP HOFFMAN, KARL MEYER, ano ALFRED LINKER 


(From the Department of Medicine, College of Phuaiciana and Surgeons, 
Columbia University, and the Fdward Daniela Faulkner Arthritia 
Clinic, Presbyterian Hospital, New York, New York) 


(Received for publication, July 28, 1955) 


The crystalline disaccharides, hyalobiuronic acid and chondrosine, have 
been established as 3-O-(8-p-glucopyranosyluronic acid )-2-deoxy-2-amino- 
p-glucose (1) and acid)-2-deoxy-2-amino- 
p-galactose (2, 3), respectively. Hyalobiuronic acid was obtained from 
umbilical cord hyaluronic acid and chondrosine from chrondroitin sulfate 
of cartilage, tendon and umbilical chord, and also from ‘“‘sulfate-free’’ 
chondroitin from bovine cornea. 

It has been suggested (4) from a study of the action of bacterial hyalu- 
ronidases on hyaluronic acid that the hexosaminidic linkage is attached 
through the 4 position of the uronic acid. A similar study on ‘‘sulfate- 
free’ chondroitin and “partially desulfated”’ chondroitin sulfate (5) sug- 
gests the same hexosaminidic linkage for the chondroitins. The sulfate 
group has been shown to be attached to the galactosamine moiety of 
chondroitin sulfate (6), and this has been verified in the present work. 

Hence, it is probable that hyaluronic acid and chondroitin sulfate con- 
tain similar glycosidic) linkages and differ structurally only in that the 
former contains glucosamine and the latter sulfated galactosamine. This 
would account for the striking similarity in the properties of and the ac- 
tion of enzymes on “sulfate-free”’ chondroitin and hyaluronic acid with 
the tacit assumption that the configuration of carbon 4 of the hexosamine 
does not affect the properties or reactivity with enzymes. 

Though testicular hyaluronidase produces a well defined homologous 
series of oligosaccharides from hyaluronic acid (7), recent work (8, 9) has 
demonstrated that the main reaction undergone by the oligosaccharides is 
one of transglycosylation rather than hydrolysis. The present work indi- 
cates that, when testicular hyaluronidase acts on both hyaluronic acid and 
chondroitin sulfate in the same digest, transglycosylation occurs between 


* This work was supported by grants from the National Institutes of Health and 
the Helen Hay Whitney Foundation. Part of this work was presented before the 
Division of Carbohydrates at the 127th national meeting of the American Chemical 
Society, at Cincinnati, Ohio, March, 1955. 
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the two types of substrates, since oligosaccharides are obtained containing 
repeating units from both polysaccharides. 


EXPERIMENTAL 


Materials—Umbilical cord hyaluronate, free of sulfate within the limits | 


of the analytical method, was prepared as previously reported (10). Um- 
bilical cord chondroitin sulfate was obtained from the ammonium sulfate 
supernatant fluid of the same preparation after prolonged dialysis, followed 
by alcohol precipitation in the presence of calcium acetate buffer. Tf the 
analysis indicated the presence of hyaluronate, the material was refrac. 
lionated by aleohol precipitation in the presence of calcium acetate buffer, 

The cartilage chondroitin sulfate (2), pneumococcal hyaluronidase (11), 
and beef liver #-glucuronidase (12) preparations have been deseribed 
viously, 

Vitreous humor hyaluronate and bovine testicular hyaluronidase were 
commercial samples kindly supplied by Dr. Joseph Seifter of the Wyeth 
Laboratories. The hyaluronidase assayed about 1000 turbidity reducing 
units per mg. 

Highly viscous streptococcal hyaluronate! was obtained from the super- 
natant culture fluid of Group A hemolytic streptococci (strain C203) by 
ammonium sulfate-alcohol precipitation, followed by dialysis until sulfate- 
free and alcohol precipitation of the sodium salt. Analysis: uronic acid 
(CO) 45.5, (Dische) 44.0; hexosamine 40.9; N (Kjeldahl) 3.06. [a]? —76° 
(cl, H2O). 

Analytical Methods—Relevant references for the analytical procedures 
have been cited previously (13). The hypoiodite-reducing values were 
obtained by the method of Macleod and Robison (14). 

In the case of the sulfated oligosaccharides eluted from the Dowex 
1 (X 10) column with sulfuric acid, the sulfate values were corrected for 
traces of inorganic sulfate present “ blank values obtained without prior | 
hydrolysis. 

Paper Chromatography—Butanol-acetic acid-water was used (50:12:25 
for mono- and disaccharides and 50:15:35 for higher oligosaccharides). 
Spots were developed on Whatman No. 1 paper, descending for 24 to 40 
hours and sprayed with aniline trichloroacetate in glacial acetic acid (15) 


and Elson-Morgan reagents (16) for the hexosamine end-group ee 


oligosaccharides. 


Hyaluronic Acid Degradative Studies—Enzymatic digestion of strepto ; 


coceal and vitreous humor hyaluronic acids with testicular hyaluronidase 


1 The relative viscosities in sodium acetate buffer, pH 5, ionic strength 0.025, at 
a concentration of 0.025 per cent of the streptococcal hyaluronate and of a good prep- 
aration of umbilical cord hyaluronate were 11.8 and 7.05, respectively. The dats 
were kindly supplied by Dr. B. S. Blumberg. 


* 


RUM 


Wi 
bi 
by 
alt 
fre 
nil 
rey 
Be 
hy 
Cor 
dig 
cor 
qui 
Th 
| COS 
| 
cho 
| M 
hya 
and 
dase 
wit] 
a 
Th 
were 
wit 
Hoy 
whe 
tati 
| dige 
dige 
of e 
F 


vex 
for 


P. HOFFMAN, K. MEYER, AND A. LINKER 655 


was followed by quantitative estimation of the oligosaccharides produced. 
Both the ion exchange and paper methods previously described for um- 
bilical cord hyaluronic acid were used (7). 

The hyaluronic acids from the various sources gave identical patterns 
by both methods. ‘The tetrasaccharide fraction from streptococcal hy- 
aluronic acid was isolated from the anion exchange column and crystallized 
from aqueous ethanol. 

Umbilical cord hyaluronic acid was hydrolyzed in N sulfurie acid for 45 
minutes on a boiling water bath, ‘The tetrasaccharide fraction was ob- 
tained crystalline after bartam hydroxide neutralization and fractionation 
on an anion exchange column, 

The identity of the crystalline tetrasaccharides with that previously 
reported from the enzymatic digestion of umbilical cord hyaluronie acid 
(7) was established by their infra-red spectra (potassium bromide plate, 
Beckman infra-red spectrometer) and also by optical rotation for the acid- 
hydrolyzed sample. 

Mixed Digest of Hyaluronic Acid and Chondroitin Sulfate—‘Vhe umbilical 
cord hyaluronic acid and cartilage chondroitin sulfate used in the mixed 
digest contained only glucosamine and galactosamine, respectively, un- 
contaminated by the other hexosamine within the limits of the sensitive 
qualitative method described for the sulfated oligosaccharides (see below). 
This precludes the possibility that oligosaccharides containing both glu- 
cosamine and galactosamine could have originated from a single substrate. 

Umbilical cord hyaluronic acid (1.28 gm.) and 1.28 gm. of cartilage 
chondroitin sulfate were dissolved in 256 ml. of 0.1 mM acetate buffer, 0.15 
M in sodium chloride, and 2 mg. of gelatin per ml. (Knox). Testicular 
hyaluronidase (100 mg.) was added, the mixture was layered with toluene, 
and incubated at 37°. After 8 days and two further additions of hyaluroni- 
dase, the reducing value had become constant. The mixture was shaken 
with the hydrogen form of Dowex 50 to remove cations and filtered onto 
a column of the acetate form of Dowex 1 (X 10) (125 ml. settled volume). 
The hyaluronic acid oligosaccharides (identified by paper chromatography) 
were eluted as follows (Fig. 1): disaccharide with 0.5 N acetic acid, tetra- 
saccharide with 1.0 N acetic acid, and hexasaccharide (trace impurities) 
with 1.0 n formic acid. This result is identical with the elution pattern 
obtained from a digest containing hyaluronic acid as the only substrate. 
However, a yield of only 70 per cent of oligosaccharides was obtained, 
whereas, from independent incubation, the recovery is essentially quanti- 
tative. From small scale experiments under identical conditions, a mixed 
digest had a 10 per cent greater reducing value than the sum of independent 
digests. This indicated that the reduced yield was not due to inhibition 
of enzyme activity. 

Further elution with increasing concentrations of a stronger acid (sul- 
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furic acid) gave the pattern shown after tube 144 in Fig. 1. The total 
uronic acid recovery (carbazole reaction) was 87 per cent. Individual 
peak materials were pooled and adsorbed on Darco G-60-Celite No. 535 
(1:1) columns. ‘These were washed with water until the wash was sulfate- 
free. Elution was carried out with 5 and 15 per cent ethanol and 5 per 
cent pyridine. Eluates were screened for uronic acid. The homogeneity 
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Fic. 1. Elution pattern of mixed hyaluronic acid-chondroitin sulfate digest from 
Dowex 1 (X 10) column. Aliquots of 160 ml. per tube were collected. Eluents: 
tubes 1 to 50, 0.5 x CH,CO.H; 51 to 88, 1 N CH;CO.H; 89 to 98, 1 nN HCO2H; 99 to 
174, 0.02 N H.SO,; 175 to 206, 0.1 N H.SO,; 207 to 229, 0.2N H.SO,; 230 to 250, 0.3.N 
H.S0O,; 251 to 264, 0.4 Nn H»SO,; 265 to 282, 1 Nn H»SO,; 283 to 285, 2 N H2SO,. The 
compounds eluted by acetic acid and formic acid are the products of digestion of 
hyaluronic acid (7). The compounds eluted in tubes 145 to 221 are partially sulfated 
oligosaccharides containing units from hyaluronic acid and chondroitin sulfate and 
are designated Compounds A to C in the text. From tube 226 on, the compounds 
eluted (D and E in the text) were fully sulfated and contained only chondroitin 
sulfate units. 


of each fraction was determined by paper chromatography. The double 
peak eluted by 0.02 Nn sulfuric acid (Fig. 1) represented two poorly resolved 
components, and three separate fractions were worked up. All other 
peaks represented one major component, with minor contamination in 
some cases from the components in neighboring peaks. The fractions 
from the carbon columns were concentrated in vacuo, passed through 
Dowex 50 (sodium form) columns, lyophilized, and dried in vacuo over 
phosphorus pentoxide prior to analysis. Similar results were obtained 
when umbilical cord chondroitin sulfate (“‘C’’) replaced the cartilage prod- 
uct (“A’’), and hydrochloric acid replaced sulfuric acid as an eluting agent. 
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Ratios of the analytical values for hexosamine, uronic acid, and sulfate 
are recorded in Table I. The sequence of the letters “A” to “‘E”’ denotes 
the order of elution from the Dowex 1 column and is given in the first 
column in conjunction with the molecular size and sulfate content of each 
oligosaccharide. The top values in any row were obtained from the um- 
bilical cord and the bottom values from the cartilage chondroitin sulfate. 
The unit ratio of hexosamine to uronic acid is evident from the second col- 
umn and the increasing sulfate content of the oligosaccharides from the 
third and fourth columns. Though several values varied considerably 


TABLE I 


Analytical Ratios and Reducing Values of Sulfated Oligosaccharides from 
Mixed Hyaluronic Acid-Chondroitin Sulfate Digests 


Theoretical values are in parentheses. 


| Hexosamine Sulfate Sulfate A B 
Uronic acid Uronic acid Hexosamine 
Compound A 0.SS 0.25 0.28 17 
Hexasaceharide 4+ 1 SO, O.78 (0.92) | 0.20 (O.17) | 0.26 (0.18) 17 
Compound B 0.91 0.27 0.36 37 
Tetrasaccharide + 1 SO, 0.80 (0.92) | 0.22 (0.25) | 0.27 (0.27) 28 
Compound © 0.91 0.36 0.39 20 
Hexasaccharide 4+ 2 SO, 0.82 (0.92) | 0.27 (0.33) | 0.33 (0.36) 20 
Compound D 0.98 0.50 0.51 32 
Tetrasaeccharide + 2 SO, 0.74 (0.92) 0.44 (0.49) | 0.60 (0.53) 22 
Compound 
Hexasaccharide + 3 SO, 0.83 (0.92) | 0.49 (0.49) | 0.59 (0.54) | 13 
Compound D, 
Trisaccharide + 2 SO, 1.47 (1.85) | 0.82 (0.99) | 0.56 (0.53) 


A, hypoiodite reducing value as per cent glucose; B, ferricyanide reducing value 
as per cent glucose. 


from the theoretical, due to impurities and the inaccuracy of the analyti- 
cal methods, the values generally concur and the compounds listed are in 
accord with the ion exchange characteristics, the paper mobilities, and the 
more accurate hexosamine values to be described. The reducing values 
listed in the last two columns of Table I were not very reproducible, due 
to the alkali lability of the compounds, but roughly showed the general 
trend of decrease in value with increasing molecular size. 

The end-products of acid hydrolysis of the sulfated oligosaccharides 
had identical mobilities on paper with the hexosamine and disaccharide 
end-products obtained from acid hydrolysis of the polysaccharides. 

The chromatographic pattern of Compounds A to E on paper is re- 
produced in Fig. 2. Both in the tetrasaccharide series (Compound II, 
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B and D are tetrasaccharides with 0, 1, and 2 sulfates, respectively) and 
in the hexasaccharide series (Compound III, A, C, and E are hexasaccha- 
rides with 0, 1, 2, and 3 sulfates, respectively), a regular decrease in mo- 
bility is evident with increase in sulfate content. 

Determination of Glucosamine and Galactosamine Content of Sulfated 
Oligosaccharides—The compounds were hydrolyzed with 4 N hydrochloric 
acid at 100° for 12 to 16 hours. For qualitative determinations the sam- 
ples were evaporated to dryness in vacuo over solid sodium hydroxide and 
oxidized in a sealed test-tube with ninhydrin in aqueous pyridine, followed 
by identification of the resulting pentoses on paper, essentially by the 


HA ABCOE 


Pia. 2. Reproduction of paper chromatogram. HA, hyaluronic acid oligosaccha- | 


rides (7) (ILis tetra-, II Lis hexa-, and LV is octasaccharide) and Compounds A to E, 
sulfated oligosaccharides (listed in the order of elution from the Dowex 1 (Xx 10) 
column) from the mixed hyaluronic acid-chondroitin sulfate digest. 


method recently described by Stoffyn and Jeanloz (17). For quantitative 
determinations the hydrolysis mixtures were diluted to 0.3. N in hydro- 
chloric acid and transferred quantitatively to the standard Dowex 50 col- 
umn described by Gardell (18). 

To reduce the hexosamine on the reducing end of the compounds found 
to contain both hexosamines (Compounds A, B, and C), an aqueous solu- 
tion of the substance was treated for 2 hours at ice bath temperature with 
a 4-fold excess of sodium borohydride in 0.1 mM borate buffer, pH 8.1. After 
acidification of the reduction mixture and concentration on a warm water 
bath (nitrogen stream), with several additions of methanol to remove 
borate, the solution was made approximately 4 N in hydrochloric acid 
and treated as above for the quantitative determination of the remaining 
hexosamine. In trial runs the presence of glucosaminitol and galactos- 
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aminitol did not interfere with the quantitative determination of hexosa- 
mine by Gardell’s procedure. The results are recorded in Table II. The 
excellent agreement with theoretical values for one sulfate group per 
galactosamine unit in conjunction with the molar correspondence of uronic 
acid to hexosamine indicates that the repeating units from each poly- 
saccharide have remained intact during the transglycosylation process. 
Values for the reduced mixed oligosaccharides shown in the third column 
indicate that the hexosamine on the reducing end is essentially, if not 
completely, glucosamine. 


TaB_e II 
Relative Amounts of Glucosamine (GNH+) and Galactosamine (GalNH:) in 


Sulfated Oligosaccharides from Mixed Hyaluronic Acid-Chondroitin 
Sulfate Digests 


--- 


| After NaBH, reductiont 
| GalINH:* 
| GalNH, 
Compound A 5A 40 | 
Hexasaccharide + 1 SO, 63 (67) | 34 (33) | 28 (33) 29 (33) 
Compound B | | 
Tetrasaccharide + 1 SO, 48 (50) (50) 6) | 40 (50) 
Compound C | | 
Hexasaccharide 4+ 2 SO, (33) 60 (67) 2 (O) MO (67) 


Compound D | 
Tetrasaccharide + 2580, only 
Compound be | | 
Hexasaccharide + 3 SO, | 


2 (0) (100) 


* Theoretical values in parentheses correspond to | galactosamine unit: per sul- 
fate unit. 

t Theoretical values in parentheses correspond to the loss of 1 glucosamine unit. 

{ Determined qualitatively by the ninhydrin oxidation method. 


Action of Enzymes on Sulfated Oligosaccharides—The sulfated oligo- 
saccharides dissolved in the acetate buffer at pH 5 described above were 
incubated in small test-tubes with testicular hyaluronidase, liver 6-glucu- 
ronidase, and pneumococcal hyaluronidase. Aliquots were spotted on 
paper after suitable time intervals to follow the course of the reactions. 

With testicular hyaluronidase, Compounds B and D were unchanged. 
Compounds A, C, and E reacted slowly, producing spots with decreased 
as well as increased mobility. These results, in view of the unreactivity 
of hyaluronic acid tetrasaccharide and the participation of the higher 
oligosaccharides in transglycosylation in the presence of testicular hyal- 
uronidase, support the molecular size postulated. Insignificant amounts 
of oligosaccharides higher than hexasaccharide remain in exhaustive di- 
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gests of hyaluronic acid, and it is reasonable that the same should hold 
true for mixed digests. 

With pneumococcal hyaluronidase, all the sulfated oligosaccharides 
with the exception of Compound B were unreactive. Compound B pro- 
duced a fast moving component on paper, which had the same mobility 
as the unsaturated disaccharide produced from hyaluronic acid (4). On 
elution of the paper, care being taken to prevent excessive drying, since 
the bacterial disaccharide is sensitive to acetic acid, a solution was obtained 
giving an identical ultraviolet spectrum to that obtained from a solution 
of the bacterial disaccharide. 

With liver 8-glucuronidase, each sulfated oligosaccharide readily yielded 
glucuronic acid and a hexosamine-containing component with greater mo- 
bility than the initial substrate. This is similar to the pattern shown by 
the hyaluronic acid oligosaccharides, where it has been demonstrated that 
the liver 8-glucuronidase cleaves a uronic acid moiety from the non-reduc- 
ing end (12). 

Isolation of Trisaccharide D, from Compound D—rThe fully sulfated 
tetrasaccharide D (111 mg.) was incubated with liver 6-glucuronidase at 
37° for 46 hours. The incubation mixture was shaken with 3 gm. of 
Dowex 50 (hydrogen form) and adsorbed on a Darco G-60-Celite No. 535 
(1:1) column which was washed with water until the eluate was chloride- 
free. Eluates were screened for uronic acid. Glucuronic acid was eluted 
with water and identified by paper chromatography. The major portion 


of the trisaccharide D, (higher R, value than Compound D) was eluted 
with 15 per cent ethanol after a small portion was removed from the col- 
umn with 5 per cent ethanol. The 15 per cent ethanol solution was con- 
centrated in vacuo, passed through an Amberlite XE-97 (carboxylic acid 
resin, sodium form) column, and lyophilized. The solid (40 mg.) was dis- 
solved in water, centrifuged from an insoluble residue, relyophilized, and 
dried in vacuo over phosphorus pentoxide. The analytical results are re- 
corded in Table 1. ‘Though the ratios have not reached theory (contami- 
nation with either glucuronic acid or Compound ID would prevent this), 
there is a sharp drop in uronic acid content coupled with a markedly con- 
stant sulfate-hexosamine ratio as compared with Compound D. This 
offers convincing support to the previous evidence obtained from periodate 
studies (6) that the sulfate is attached to the galactosamine moiety im 
chondroitin sulfate. 


DISCUSSION 


When testicular hyaluronidase was used to digest hyaluronic acid from 
such diverse sources as umbilical cord, vitreous humor, and streptococci, 
the resulting ion exchange and paper chromatographic patterns were in- 
distinguishable, and identical crystalline tetrasaccharides were isolated 
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from the umbilical cord and streptococcal hyaluronic acids. Since it is 
probable that the hexosaminidic linkage in the crystalline tetrasaccharide 
has been involved in transglycosylation during enzymatic degradation (9), 
the linkage might be different from that present in the polysaccharide. 
However, if the reasonable assumption is made that the hexosaminidic 
linkage in the tetrasaccharide from acid hydrolysis is that present in the 
polymer, the isolation of the identical crystalline tetrasaccharide from the 
mild acid hydrolysis of hyaluronic acid establishes that during the trans- 
glycosylation process the hexosaminidic linkage formed is identical to that 
cleaved. 

Evidence for a transglycosylation process in the mixed digest, in which 
repeating units from both polysaccharides remain intact during the transfer, 
is based on (1) the reduced yield of hyaluronic acid oligosaccharides, de- 
spite the increased reducing value of the mixed digest; (2) the chromato- 
graphic pattern of the mixed digest which indicated products with R,r 
values different from the products from hyaluronic acid or chondroitin 
sulfate digested independently; (3) the isolation of sulfated oligosaccha- 
rides containing glucosamine and galactosamine in integral ratios, whereas 
the hexosamines were not intermixed in the polysaccharides; (4) analytical 
values which indicate that the molar ratios of uronic acid to hexosamine 
and sulfate to galactosamine found in the polysaccharides were retained 
in the mixed oligosaccharides; and (5) the presence of a glucuronic acid 
moiety on the non-reducing end and of a hexosamine on the reducing end 
of the mixed oligosaccharides similar to the pattern present in hyaluronic 
acid oligosaccharides. 

The data are entirely consistent with the assumption of disaccharide 
units remaining intact during the transfer reaction involving the hexosa- 
minidic linkage from both substrates. The results also support the view 
that the same enzyme is responsible for the action on both substrates (19). 

The fully sulfated oligosaccharides, Compounds D and E, contain only 
chondroitin sulfate-repeating units, and work now in progress indicates 
that these are major products of exhaustive chondroitin sulfate digestion. 
The attachment of the sulfate group to the galactosamine moiety in chon- 
droitin sulfate has been established by two independent reactions. It 
remains to be established whether the linkage is through the 4 or the 6 
position, the only two available. 

The apparent glycoside sequence in the mixed oligosaccharides, Com- 
pounds A, B, and C, are as follows (GA, glucuronic acid; GN Ac, N-acetyl- 
glucosamine; GalNAc(SO;H), N-acetylgalactosamine 6(4)-sulfate): 


(A) GA—GN Ace—GA— GAIN Ae(SO,H)—GA—GN Ae 
(B) GA—GAIN Ac(SO;H)—GA—GN Ae 
(C) GA—GAIN Ac(S80,H)—GA—GAIN Ac(SO,H)—GA—GN Ac 
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The reducing end in all cases has been shown to consist of glucosamine, f 
establishing the sequence of Compounds B and C. Since testicular hyal- ‘ 
uronidase cleaves the hexosaminidic linkage of hyaluronic acid at a faster hy 
rate than that of chondroitin sulfate (19), it is reasonable that in mixed 
oligosaccharides, where the process of cleavage and transfer occurs re- 
peatedly, glucosamine should appear at the reducing end. The sequence 

of Compound A conforms to the view presented by Weissmann (9) that 7 
a glucosaminidic bond near the end of an oligosaccharide is not as readily 
attacked as one more centrally located. If the glucosamine at the non- ' 
reducing end of A were interchanged with the galactosamine, an intact)» 
tetrasaccharide unit from hyaluronic acid would be present, and it is’ 3, 
probable that this would be attacked by pneumococcal hyaluronidase to! 4. 
yield an unsaturated disaccharide. It is known that the presence of a) » 
sulfate group in the vicinity of the hexosaminidic linkage inhibits the action : 
of bacterial hyaluronidase (5). It is not understood why Compound B,f- 7 
the tetrasaccharide sequence of which also appears in Compound A, should 
produce the unsaturated disaccharide on digestion with pneumococcal 
hyaluronidase. 

It might be expected that mixed polysaccharides containing glucosamine, , 
galactosamine, and sulfate, analogous to the hybrid oligosaccharides pro- | 4, 
duced in vitro, would exist in the tissues. Both hexosamines have been | 19. 
demonstrated in constant ratios in various blood group mucoids (20). In| 13. 
the mucopolysaccharides of mesodermal origin, no case of the occurrence 
of both hexosamines within the same polysaccharide has been found. | 6 
Whenever both glucosamine and galactosamine were present in a prepara- 7 
tion, the fraction could be resolved into polysaccharides, each containing , 
only one type of hexosamine, or, for unsuccessful separations, the shift 19. 
in ratios pointed to the presence of mixtures. Similarly, the presence of | 
sulfate in dialyzed hyaluronate fractions always indicated the presence of 
a different sulfated mucopolysaccharide. The absence of hybrid poly- 
saccharides in tissues indicates that the polymerizing enzymes, in contrast — 
to testicular hyaluronidase, are specific, or that polymerization of the 
different polysaccharides occurs at separate sites. | 


- 
— 


SUMMARY 


No differences could be detected in the enzymatic degradation products 
of hyaluronate from varied sources. | 

The position of the hexosaminidic linkage in hyaluronate oligosaccha- 
rides remains unchanged during transglycosylation with testicular hyal- 
uronidase. 

Mixed digests of hyaluronate and chondroitin sulfate (A or C) with 
testicular hyaluronidase yielded, in addition to the breakdown products 
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from the parent polysaccharides, transglycosylation products consisting of 
hybrid oligosaccharides containing repeating units from both polysaccha- 


rides. 


The authors wish to thank Miss Phyllis Sampson and Mrs. Violet Lipp- 


man for their able technical assistance. 
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EXCHANGE OF FREE FATTY ACIDS AND GLYCERIDE FATTY 
ACIDS DURING FAT DIGESTION IN THE HUMAN 
INTESTINE* 
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(From the Hospital of The Rockefeller Institute for Medical Research, New York, 
New York, and the Department of Physiological Chemistry, 
University of Lund, Lund, Sweden) 
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Few definitive studies of fat digestion have been made in human sub- 
jects. Kuhrt eé al. (1) in 1952 demonstrated conclusively the occurrence 
of monoglycerides in the human intestine during digestion of fat-containing 
natural foods, and in 1955 Blankenhorn and Ahrens (2) submitted similar 
evidence for the presence of mono- and diglycerides after feeding triolein 
homogenized in a balanced test formula to two normal subjects. Later in 
1955 Harris et al. (3) noted that monoglycerides comprised up to 13 per cent 
of the total fat recovered in the proximal jejunum of eleven subjects after 
ingestion of warm neutral fat; 50 to 65 per cent of the monoglyceride was 
stated to be the 2 isomer. Finally, the experiments of Fernandes et al. 
(4) in a child with chylothorax who was fed olive oil partially transesteri- 
fied with caprylic acid showed negligible amounts of caprylic acid in the 
chylothorax lipides, indicating at the least that caprylic acid had been 
split off regardless of position on the glycerol base. 

These studies in human subjects must be viewed against the broader 
experience gained through in vitro and animal experiments in a number of 
laboratories. Borgstrém (5, 6) has shown that, when suitable enzyme 
preparations were used in vitro, hydrolysis of triglycerides yielded fatty 
acids and glycerol with preferential production of 1,2-diglycerides and 
2-monoglycerides en route. The same sequence was postulated in the 
rat intestine (7), where hydrolysis to glycerol of 25 to 45 per cent of the 
fat fed took place (8-10). Glycerol freed during hydrolysis was not uti- 
lized in the resynthesis of glyceride in the gut lumen or in the intestinal 
epithelium (8-10). 

Exchange of free fatty acids with glyceride fatty acids has been shown 
to occur during digestion of triglycerides in vitro as well as in the rat intes- 
tine (11, 12). Moreover, when 1-monoolein was fed to rats along with 
labeled free fatty acids, higher glycerides containing labeled acids were 
isolated (12), indicating that synthesis of ester bonds had occurred simul- 


* Presented in part at the Second International Conference on Biochemical Prob- 
lems of Lipids, Ghent, Belgium, July 29, 1955. 
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taneously with hydrolysis. In the present study the process of fatty acid 
exchange has been studied during digestion in the human intestine. Free 
oleic or palmitic acid labeled with C" in the carboxy! carbon was dissolved 
in triolein at a concentration of approximately 5 per cent. The mixture 
was homogenized with protein and carbohydrate in a balanced liquid 
formula feeding, and aspirations were made under near physiologic condi- | 
tions at four known levels in the upper intestines of two patients. The ' 
free fatty acids and individual glyceride classes were isolated, and the 
quantity of labeled acid in each of the four hydrolytic products was as- 
certained. In all experiments, labeled acids were found incorporated in 
mono-, di-, and triglycerides. 


Materials and Methods 


All the solvents were analytical grade and redistilled in glass. Solutes 
were recovered by evaporation of solvents under vacuum at temperatures 
below 25° in a Craig rotary distillation apparatus (13). The three glyceride 
classes were quantitatively separated from each other by counter-current 
distribution in a 200 cell, all-glass, fully automatic machine with 10 ml. 
lower phase volumes (14). Analyses of distributions were made by a 
microgravimetric procedure (15), a semimicro balance accurate to +£0.02 
mg. being used. 

The triolein used in the test meals was prepared in edible form from a 
synthetic lot (Emery Industries) by Dr. Willy Lange, The Procter and 
Gamble Company. It had an iodine number of 84.2, a saponification 
equivalent of 291, and the following fatty acid composition: oleic, 85.6; | 
linoleic, 3.0; linolenic, 0.41; arachidonic, 0.04; saturated, 6.5; and trans, ! 
11.8 percent. It contained no free fatty acids or non-saponifiable material. - 
1-C-Oleic acid was prepared according to Bergstr6m and Paabo (16), and 
1-C-palmitic acid according to standard procedures; the C™ excess of the 
carboxy] carbon was 19.0 and 3.14 per cent, respectively. The labeled 
acids, generously supplied by Dr. 8. Bergstrém, Lund, Sweden, were dis- 
solved in the triolein of the test meal before mixing in the formulas. 

Test meals consisted of homogenized mixtures of fat, protein, and car- 
bohydrate in proportions of 40:15:45 per cent of calories, prepared by a 
technique previously described (17). Fat was furnished by synthetic 
triolein, protein by a salt-poor, low fat milk protein product (Lesofac’), 
and carbohydrate by dextrose. Patients were maintained for several 
days prior to each aspiration in a state of weight balance on similar formulas 

1 Lesofac (Wyeth). Manufacturer’s analysis in per cent as follows: protein 50.0, 
carbohydrate 39.2, fat 1.0, cholesterol 25 mg., ash 5.8 (including sodium 0.02, calcium 
0.80, potassium 0.85, magnesium 0.10), moisture 4.0, vitamin B; 2 mg., vitamin B: 4 
mg., niacinamide 20 mg. 
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in which corn oil (Mazola?) was used in place of triolein. They received 
no other nourishment, but throughout the acclimatization and test periods, 
vitamin supplements (Unicaps, Upjohn, two per day) and sodium chloride 
(2 to 3 gm. per day) were given. The patients were well hydrated before 
each test. 

Intestinal intubation and aspiration of samples at known loci in the 
intestine were carried out under near physiological conditions by a tech- 
nique which has been described elsewhere (18). Patient 1 was a 54 year- 
old white male with a history of myocardial infarction and persistent angina 
pectoris. His intestinal segments measured jejuno-ileum 216 cm. and 


TABLE I 


Aspiration of Human Intestinal Contents during Fat Digestion 


| | Test meal Aspiration 
t 
Experi. | interval, 
men meal A | Total C3_F id Si | Dura- A | H 
| | mount. TG 1-C8-Fatty aci Site tion | mount p 
3 Ars. | gm. gm. gm. Ars. gm. 
A 12 | 700 38.9 2.73 palmitic Treitz ™ | 42 | 286 | 6.1 
rT 
B 13 800 | 44.4) 3.52 palmitic ay 23 | 376 | 6.1 
2 | 800 44.4. 2.80 oleic 2 | 370 | 6.7 
D | 12 | 800 44.4, 1.60 oleic 2 pe | 28 | 320 | 6.5 


TG, triglycerides; Treitz, ligament of Treitz at duodeno-jejunal junction. 


colon 1l4em. Patient 2 was a 37 year-old white female with a moderately 
severe cardiac neurosis. Her intestinal segments measured duodenum 
23 cm., jejuno-ileum 206 cm., and colon114 em. Neither patient had any 
clinical or roentgenologic evidence of gastrointestinal dysfunction. They 
were intubated for 10 and 12 days before the first aspiration and for a total 
of 21 and 18 days, respectively. They had been acclimated to oral for- 
Pertinent data re- 
lating to the two aspirations in each of these patients are listed in Table I. 


*Mazola (Corn Products Refining Company). Manufacturer’s analysis as fol- 
lows: glycerides 98.1 per cent, non-saponifiable matter 1.9 per cent, free fatty acids 
0.03 per cent, phospholipides trace; iodine number 125. Component fatty acids: 
linoleic 56.2 per cent, oleic 30.1 per cent, palmitic 9.9 per cent, stearic 2.9 per cent, 
hexadecenoic 0.5 per cent, myristic 0.2 per cent, above C,s 0.2 per cent. Component 
glycerides: monooleodilinolein 49.2 per cent, monosaturated dilinolein 34.2 per cent. 
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Aspirated samples were collected in 1 liter polyethylene bottles immersed 
in dry ice and acetone and stored frozen until prepared for extraction of 
lipides. After the pH had been measured with a Beckman pH meter, the 
thawed mixture was taken to a pH of about 4.1 by addition of about 0.10 
volume of n HOAc; at this pH, lipase action is negligible (6). The acidi- 
fied sample was made up to 500 ml. with water, and half was transferred 
to each of two cells of the preparative distribution train, consisting of five 
2 liter glass-stoppered graduates. 250 ml. of 95 per cent ethanol, 250 ml. 
of ethyl ether, and 250 ml. of n-heptane were successively added to each 
graduate with mixing. After equilibration this mixture separated into 
two phases of equal volume. 500 ml. of previously equilibrated lower 
phase of the system (n-heptane, ethyl ether, 95 per cent ethanol, and water 
in equal volumes) was added to the three remaining cells of the train. 
Eight 500 ml. volumes of upper phase of this system were carried across 
the train with equilibration of the phases at each step, and the eight with- 
drawn upper phases were pooled and the solvent evaporated. It has pre- 
viously been shown (2) that this procedure extracts at least 99 per cent of 
the glycerides, fatty acids, sterols, and sterol esters. The extract also 
contains a small amount of phospholipides, but is free of bile acids, amino 
acids, sugars, or other small molecular non-lipide materials. No attempt 
was made to extract soaps and free fatty acids separately. 

In all the experiments except Experiment C the fatty acids were re- 
moved from the mixture by use of the anion exchange resin, Amberlite 
IRA-400. The lipide mixture dissolved in wet ether was applied to the 
resin on a column (10 gm. of wet resin per gm. of lipide mixture) (19, 20). 
The acids were recovered by discharging the resin with 10 per cent HOAc 
in ethyl ether. In Experiment C fatty acids were removed as soaps from 
the non-acidic materials by counter-current distribution in an alkaline 
system (n-heptane, ethyl ether, 95 per cent alcohol, and 0.2 n NaOH in 
equal volumes) in twenty transfers (2). In all experiments the non-acidic 
lipides were then separated into three clean cut groups by counter-current 
distribution in the system: n-heptane, methyl Cellosolve, isoamy] alcohol 
(60:40:2, volume per volume) in 195 transfers. As previously described 
(2), these groups consisted of (a) monoglycerides with contaminating phos- 
pholipides, (b) diglycerides with free sterols, and (c) triglycerides with 
sterol esters. The degree of contamination of the three glyceride groups 
was determined by analysis of lipide phosphorus (21) and free and esteri- 
fied cholesterol (22). These contaminants were subtracted from the total 
solute weight of each fraction to give the total weight of the glyceride. 
These corrected glyceride data were checked by determinations of glyceride 
glycerol (2). No attempt was made in these experiments to distinguish 
between cholesterol and other digitonin-precipitable, Liebermann-Bur- 
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chard-reactive substances. Percentage of 1-monoglycerides in mixtures 
of the 1 and 2 isomers was determined by periodate titration (23). Final 
purification of the contaminated monoglyceride and triglyceride fractions 
was accomplished by chromatography on silicic acid columns in order to 
obtain monoglycerides free of phospholipides (24) and triglycerides free of 
sterol esters (19). 

The lipides in aliquots of the test meals were extracted after acidifiying 
the homogenate to pH 4.1 with n HOAc. The same 2-phase counter-cur- 
rent extraction scheme was used as described above for extraction of the 


TABLE II 
Lipide Composition of Human Intestinal Contents during Fat Digestion 


Quantitative data for glycerides and fatty acids are given as percentages of total 
lipides. 


MG 
Experiment | Total lipides | FFA DG TG Pere ’ — PL 
Total | 1-MG/| 2-MG 

mg. mg. mg. 

A 1302 mg. 16 <1 5 
100% 42 16 16 24 

B 3540 mg. 46 3 3 
100% 46 14 7 7 15 24 

C 7220 mg 120 18 240 
100% 38 17 6 11 16 24 

D 2398 mg. 63 3 3 
100% 59 6 2 4 15 17 


FFA, free fatty acids; MG, monoglycerides; DG, diglycerides; TG, triglycerides; 
PL, phospholipides (25 X lipide phosphorus). 


lipides from intestinal juice, a five cell glass distribution train with 10 ml. 
lower phase volumes and thirteen transfers being used. 

Fatty acids of the purified glycerides were obtained by saponification at 
room temperature (25) and quantitatively recovered from the acidified 
mixture into ether. The acids were decarboxylated by the method of 
Blomstrand (26), C'%O2 was trapped as Ba(CO3)2, and the C™ excess was 
determined in the mass spectrographic unit of the Chemical Division of 
the Caroline Institute, Stockholm. 


RESULTS AND DISCUSSION 


Aspirations were made in the first portion of the jejunum in three tests 
and in the third portion of the duodenum in one (Table I). The total 
lipides isolated in these experiments are listed in Table II. 1.3 to 7.2 gm. 
of lipides were recovered after feeding test meals containing 39 to 44 gm. 
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of triolein mixed with 1.6 to 3.5 gm. of labeled fatty acids. The largest 
part of the difference between fed and recovered fat can be attributed to 
the method of aspiration which is purposely a sampling and not a total re- 
covery technique. It is clear that losses due to absorption cannot be esti- 
mated from the present data. Table II lists the relative amounts of the 
hydrolytic products in each of the mixtures. With the exception of Ex- 
periment D, which was carried out at the lowest level in the jejunum, 
the proportions of the separate products were strikingly similar, with 38 
to 46 per cent of the total lipides consisting of free fatty acids, 24 per cent 
triglyceride, 16 per cent diglyceride, and 14 to 17 per cent monoglyceride. 


TaBLe III 


Incorporation of Labeled Fatty Acids in Glycerides during Fat Digestion in 
Human Intestine 


Atom per cent C' excess of fatty acid carboxyl carbon is listed in each case. The 


italic figures are percentages of C'? excess of total fatty acids in fat mixture fed. 


Fat mixture fed Chyme lipide fatty acids 
Experiment 
Free FA Total FA Free Total TG DG MG 

A 3.14 0.230 0.255 0.187 0.040 0.455 0.044 
100 81 

B 3.14 0.260 0.345 0.182 0.040 0.065 0.050 
100 70 

C 19.0 1.250 1.535 0.726 0.235 0.550 0.080 
100 58 

D 19.0 0.715 0.455 0.326 0.170 0.200 0.100 
100 46 


Abbreviations are the same as in Table II. 


Of the monoglycerides, 49 to 63 per cent was found to be the 2 isomer, — 


an estimate which may be low due to partial isomerization of this unstable 
form during isolation. At the lowest jejunal level (Experiment D), a 
larger proportion of the total lipides consisted of free fatty acids. Since 
the test meals contained 4.2 to 9 per cent of their fat as free fatty acids, it 
cannot be assumed that the proportions of fatty acids, mono-, di-, and tr- 
glycerides found in these experiments are typical of the composition of 
the intestinal lipides in the upper intestine when triglyceride is the sole fat 
in the diet. Experiments designed to clarify these relationships during 
the feeding of triolein without added fatty acids are in progress. The 
amounts of sterols, sterol esters, and phospholipides were small except in 
Experiment C, where an unexplained large contamination of the extract 
by phospholipides was encountered. 

Table III demonstrates that labeled fatty acids were found in all three 
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glyceride classes in all experiments. Even excepting Experiment A, in 
which the high C™ excess of the diglyceride fatty acids may be questioned 
as a technical error, the diglycerides were most enriched with labeled 
acids, the triglycerides next, and the monoglycerides least. In attempt- 
ing an explanation of these findings it must be borne in mind that in vitro 
and animal experiments have demonstrated that the 2-ester bond is more 
resistant to hydrolysis than the l-ester bond (6, 7), and that glycerol is not 
utilized for reesterification of glycerides (8-10). Thus, hydrolysis is 
believed to occur along the pathways shown in Fig. 1. The points at which 
labeled free fatty acids may be introduced into the various glycerides 
during hydrolysis are presented in Fig. 2. An explanation for the ob- 


1,2-DG 2-MG 
‘trans 
1,3-DG 1-MG 


Fig. 1. Schematic diagram of the pathways of fat hydrolysis and synthesis in the 
intestinal lumen. These steps are supported by experiments which have shown that 
the over-all direction of the process is to the right, that the last step to glycerol is 
irreversible, and that the 2-ester linkage is more resistant to hydrolysis than the 1- 
ester (6-10). Trans, transesterification; DG, diglycerides; TG, triglycerides; and 
MG, monoglycerides. 


served order of isotope enrichment in the present experiments may lie in 


varying rates of enzymatic action at the several hydrolytic stages, or in one 
or more of the following points: (1) Labeled diglycerides can be formed by 
two pathways, by synthesis from monoglycerides and labeled acids or by 
hydrolysis of labeled triglycerides. (2) Labeled monoglycerides must be 
formed for the most part by intramolecular rearrangement (transesterifica- 
tion) of labeled acids with unlabeled acids at the di- or triglyceride stage 
(see below). (3) Labeled triglycerides can be formed only from diglycer- 
ides, combined at that stage or at the monoglyceride stage with a labeled 
fatty acid. (4) Labeled triglycerides in the digestion mixture are diluted 
by the continual addition of unlabeled triglycerides of the test meal pass- 
ing into the gut from the stomach. It is of interest that the present re- 
sults in human subjects conform with those of analogous experiments in 
rats, in which the order of isotope enrichment also ran di- > tri- > mono- 
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glyceride (12). While all experimental data art compatible with the hy- 
pothesis that enzymatic synthesis of glycerides proceeds simultaneously 
with hydrolysis, it is obvious that the end-result of the process is hydroly- 
sis. This is due to the irreversibility of the last step which creates a con- 
tinual scarcity of monoglycerides and to the mass action which reacts to 
this loss by driving the over-all reaction toward hydrolysis. 
Transesterification, that process of ester transfer which takes place 
without the production of a mole of water, may be enzyme- or acid-cata- 
lyzed. Whether inter- or intramolecular transfers occur in vivo is a matter 


Fic. 2. Schematic diagram of the pathways of exchanges between free fatty acids 
and glyceride fatty acids, with formation of tri- (TG) and diglycerides (DG) (left) 
and monoglycerides (MG) (right). Transesterifications (trans) may be enzyme- or 
acid-catalyzed. Asterisk, labeled carboxyl carbon of fatty acid. 
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of some interest. In Experiment C the monoglyceride fraction reacted ) 


with periodate and reaction products were separated into two parts, un- 


reacted 2-monoglyceride and the aldehydic reaction product of the 1-mono- | 
glyceride. When the C"™ excess of the fatty acids of the two subfractions | 


was measured, it was found that the 1-monoglyceride fatty acids contained 


a C8 excess of 0.075 and the 2-monoglyceride fatty acids, 0.045. This nu- © 


merical relationship may be misleading, since isomerization in vitro of the 
less stable 2-form may have taken place during the extraction and isola- 
tion of the monoglycerides. The finding of labeled acid in the 1 position 
is easily explained (Fig. 2) if we assume that lipase can attack the 2-ester 
linkage, although the evidence indicates that the 1 bond is preferentially 
split. A labeled fatty acid added at the 2-mono- or 1 ,2-diglyceride stage 
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would give rise to 1*-monoglyceride after cleavage of the 2-ester linkage. 
If this assumption is made, then conversely, by formation of a new ester 
bond, labeled acid may be added at the 2 position at the 1-mono stage, and 
subsequent hydrolysis along the major pathway would result in the forma- 
tion of 2*-monoglyceride. 2*-Monoglyceride also may be formed by 
transesterification; intramolecular rearrangement of 1*,2-diglyceride or 
1* ,2,1-triglyceride to 1,2*-diglyceride or 1 ,2*,1-triglyceride may precede 
hydrolysis along the pathways shown in Fig. 2 to produce the 2*-mono- 
glyceride. Moreover, 1*-monoglyceride may transesterify directly to 
2*-monoglyceride. An intermolecular transfer also may take place be- 
tween 1 molecule with labeled acid at the 1 position and another unlabeled 
glyceride, resulting in the deposition of labeled acid at the 2 position. 


TaBLeE IV 


Dilution of Free Fatty Acids in Lipides of Intestinal Contents, Calculated by Isotope 
Dilution and by Percentage of Fatty Acids 


C8 excess of FFA Quantity of FFA Dilution of FFA 
Experiment 
Test meal |Chyme lipides} Test meal 
(1) (2) (3) (4) (1 + 2) (3 + 4) 
atom per cent | atom per cent per cent per cent 
A 3.14 0.255 6.55 42 12.3 6.4 
B 3.14 0.345 7.32 46 9.1 6.3 
C 19.0 1.535 5.92 38 12.4 6.4 
D 19.0 0.455 3.49 59 41.8 16.9 


While at the present time all these reaction routes must be considered 
possible, the results in vitro (6) strongly suggest that the major reaction 
is the addition of labeled acid at the 1 position. 

The dilution of free fatty acids in the fed mixture during hydrolysis and 
absorption can be calculated in two ways, from the per cent of free acids 
in the intestinal lipides and in the test meal, or from the C™ excess of the 
free acids in the two mixtures. These calculations are presented in Table 
IV. It is seen that a systematic discrepancy exists between the two cal- 
culations, in that the dilution is about 2 times as high when calculated 
from the C" excess data. The similarity of these findings to those of ani- 
mal experiments (11, 12) in which the entire gut contents were recovered 
and analyzed affords strong evidence that the samples withdrawn from the 
human intestine by means of the present technique are representative of 
the whole chyme. The calculations indicate that, when the test meal ar- 
rived in the duodenum, free acids were absorbed more rapidly than glyc- 
erides, producing a relative scarcity of labeled acids. The magnitude of 
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this loss can be measured quantitatively by comparing the C™ excess of 
the total fatty acids in the intestinal lipides (free acids and glyceride acids) 
with the C™ excess of the total fatty acids of the fed fat (Table III). If 
fatty acids (unlabeled as well as labeled) had not been preferentially lost 
from the intestinal lumen, the C™ excess of the total fatty acids in the two 
mixtures would have been the same. However, the data indicate that 
the total fatty acids of the chyme lipides were less labeled than the total 
fatty acids of the test meal, the former being only 46 to81 per cent of the 
latter. This relative loss of labeled carbon indicates that the fraction with 
the highest degree of labeling, the free fatty acid fraction, was withdrawn 
from the digestion mixture more rapidly than the other components. —In- 
deed, at the lowest intestinal level sampled, the total fatty acids of the 
digestion mixture contained the smallest amount of labeled acids, only 46 
per cent as much as had been present in the total fatty acids of the test 
meal. These data are consistent with the conclusion that fatty acids are 
absorbed more rapidly than glycerides at all intestinal levels studied. 
Moreover, the rapid accumulation of free fatty acids in the intestinal lipide 
mixture (Table I1) suggests that liberation of fatty acids proceeds more 
rapidly than absorptive mechanisms can dispose of the hydrolytic products. 

The quantitative importance of exchange reactions between glyceride 
fatty acids and free fatty acids in the human chyme lipides can be esti- 
mated by comparing the C' excess of the chyme glyceride fatty acids with 
that of the total fatty acids of the fed mixture, or preferably with the total 
fatty acids of the chyme lipides. For example, the C™ excess of the chyme 
triglyceride fatty acids ranged from 21 to 52 per cent of the total fatty 
acids of the chyme lipides in the four experiments (Table III). This is to 
say that about 30 per cent of the maximal theoretical exchanges had oe- 
curred between free and triglyceride fatty acids, or that at least one fatty 
acid had been exchanged in each triglyceride molecule. The occurrence 
of these complex interchanges must be recognized in any interpretation 
of experiments in which doubly labeled fats are fed and traced in intestinal 
lymph lipides. 


SUMMARY 


1-C'*-Palmitic and 1-C'*-oleic acids, dissolved in triolein and homogenized 
with milk protein and sugar, have been fed orally to two patients with 
normal gastrointestinal function. In each patient aspirations were made 
at two known loci in the duodenum and upper jejunum. Free fatty acids, 
mono-, di-, and triglycerides were quantitatively isolated from the intesti- 
nal contents, and the C™ excess of the fatty acids of each fraction was 


measured. 
Labeled acids were found in all glyceride classes in all aspirations. in 
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di- > tri- > monoglycerides. This exchange of labeled with unlabeled 
acids is most likely due to synthesis of new ester bonds occurring simul- 
taneously with hydrolysis. Evidence that transesterification also may 
occur is presented. However, since the breakdown of monoglycerides is 
irreversible, the over-all direction of the combined reactions is toward 
hydrolysis. Data are presented which indicate that hydrolysis proceeds 
at a faster rate than absorption, with the result that fatty acids accumu- 
late in the digestion mixture, but that fatty acids are absorbed more rapidly 
than glycerides. 
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DIALKYLFLUOROPHOSPHATASE OF KIDNEY 
IV. DISSOCIATION CONSTANT OF ACTIVE GROUPS 


By L. A. MOUNTER 


(From the Department of Biochemistry, School of Medicine, University of Virginia, 
Charlottesville, Virginia) 


(Received for publication, August 3, 1955) 


The activities of acetylcholinesterase (1, 2) and fumarase (3-5) have 
been related to the ionization constants of specific groups in the respective 
enzymes; these constants have yielded information which is significant in 
explaining the formation of enzyme-substrate complexes. Kinetic data 
for hog kidney dialkylfluorophosphatase (DFPase) (6-9) suggested that 
the dissociation constants of groups in the active center of this enzyme 
might be determined. 

In the present paper, the influence of pH and substrate concentration 
on DF Pase activity has been interpreted in terms of dissociation of ioniz- 


ing groups. 
Methods 


Experimental—DFPase was determined manometrically at pH 7.4 by 
methods described previously (6, 7) and by acidimetric titration with a 
Beckman titrimeter. A purified enzyme preparation (Fraction A-2) was 
obtained from hog kidney (7). When Mn** or Mn** and cofactors were 
used as activators (7, 8), they were incubated together with the enzyme 
for 15 minutes before mixing with the substrate. 

The rates of hydrolysis of a solution of diisopropyl fluorophosphate 
(DFP) (2 K 10°? m) in 5 X 10° m buffer solutions (phosphate, acetate, 
tris(hydroxymethyl)aminomethane, and diaminobutane) were determined 
by titrimetry. The weak buffers stabilized the pH without significantly 
affecting the sensitivity of the titration of the acid liberated during the 
hydrolysis of DFP. The DFP solution was adjusted to the desired pH 
with NaOH before mixing with the buffer solution, and the degree of hy- 
drolysis during a 10 minute period was measured by titration with 0.02 n 
NaOH before the enzyme was added. After the addition of DFPase, the 
titration was continued for 15 minutes; readings were taken at 1 to 3 minute 
intervals, depending on the rate of hydrolysis. The cumulative titration 
values of NaOH were plotted against time (Fig. 1). The difference be- 
tween the linear extrapolations of the non-enzymatic hydrolysis and the 
initial rate of hydrolysis in the presence of enzyme gave a measure of the 
enzymatic activity. Significant differences in the estimated rates of hy- 
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drolysis due to volume changes were not obtained under identical condi- 
tions by titration with either 0.02 ~ or 0.2 N NaOH. 

Theorclical—The results obtained in these experiments were analyzed 
by the method applied to cholinesterase by Wilson and Bergmann (1). 
Their equations could be simplified for use with DFPase, since there is no 
inhibition of the reaction by excess substrate. 
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Fic. 1. Method for computing rate of hydrolysis from titrimetric data 


If the system is represented by the equation 
EH,* — Ht + EH + OH- = E- + H,0 


Inactive Active Inactive 


the equilibria may be formulated as 


and the following equations derived: 
v® K,,.Ken a 1) th 
v Ken, (K, + (K, + (SD) py 
th 
where v® is the velocity at optimum [H*], and v is the measured velocity at th 
any given hydrogen ion concentration, [S] is the substrate concentration, ti 
and K,, represents the Michaelis constant. Equation 1 is used for deter- 
mining the effect of pH on velocity and is linear in 1/{H*] when [H*] is 7 
greater than the optimal pH. pa 
The second equation, oa 
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is used for determining the effect of substrate concentration on velocity 
and should yield a linear relationship between pH and [S]. 


Results 


The effect of DFP concentration on the rate of enzymatic hydrolysis in 
the presence of Mn** and cofactors was determined at pH 7.4. The sub- 
strate concentration [S] was plotted against the value of [S]/v, according 
to the Lineweaver and Burk (10) procedure (Fig. 2). It was observed 


44 | 


3 


(s] 
V 


S (millimolar) 


Fig. 2. Effect of substrate concentration on rate of hydrolysis of DFP by hog 
kidney DFPase. Curve 1, plus Mn**; Curve 2, plus Mn** and histidine; Curve 3, 
plus Mn** and o-phenanthroline; Curve 4, plus Mn** and 2,2’-dipyridyl. 


that the rate of hydrolysis was greatest in the presence of Mn** plus di- 
pyridyl, and the least with Mn** alone. The values of the intercepts at 
the ordinate indicate that there is a difference in the affinity of DFP for 
the enzyme in the presence of activators which confirms earlier observa- 
tions (7). 

The effect of pH on the rate of enzymatic hydrolysis of DFP in the 
presence of Mn** and cofactors is shown in Fig. 3. The pH optimum for 
each of the four series of experiments is about pH 8.5. Since the DFP 
molecule has no charge, the pH optimum for the reaction must be depend- 
ent on the dissociation of active groups in the enzyme. The values for the 
Michaelis constant (K,,) and the pK of the dissociation group (Kex,+) 
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have been calculated from Equations 1 and 2 and are presented in Table cl 
I. The pK values remain constant while the K,, values extend over a st 


considerable range. tl 
tk 
Mn+ 2,2 dipyridy! 
pl 
= 
2 
Mn+o-phenonthroline 
= 
= 
= 0.2 histidine 
2 
g Mn 
00.1 + 
| | | 
6 4 8 9 lO 
pH 
Fia. 3. Effect of pH on activity of DFPase in presence of Mn** and cofactors 
F 
TABLE I 
Values of pKen,+ and K,, for Hog Kidney DF Pase tivit 
Activator pKen;* Km d 
epe 
104 u pres 
‘¢ + o-phenanthroline........................ 7.25 4.2 Br 
can 
DISCUSSION choli 
The data show that the addition of Mn++ and cofactors is responsible | chan 
for an increased affinity between DFPase and DFP, as evidenced by de | comr 
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creased values of K,,. Previous studies (8, 9) have demonstrated that a 
stable DFPase-metal-cofactor complex represents the most active form of 
this enzyme. Since the optimal activity of the enzyme is about pH 8.5 in 
the presence or absence of Mn** and cofactor, it appears that the groups 
involved in the formation of the cofactor complex do not contribute to the 
pH-dependence of DFPase. The differences in the activities probably 


100 

80 \ 

\ 

60+ 
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= } o—o Cholinesterase act. 

2 20r | cholinesterase inhib. 
6 T 8 9 lO 

pH 


Fic. 4. Effect of pH on DFPase and eel cholinesterase. DFPase data from Fig. 
1. Inhibition of cholinesterase from data of Wilson and Bergmann (11). pH-ac- 
tivity curve of cholinesterase from data of Wilson and Bergmann (1). 


depend on changes in the steric arrangements of the enzyme surface in the 
presence of the cofactors. 

The value for the dissociation constant (pKrey,+ = 7.2) of the ionizing 
groups of DFPase is identical with the value for acetylcholinesterase ob- 
tained by Wilson and Bergmann (1). Furthermore, the optimal pH for 
DFPase and acetylcholinesterase is approximately the same (Fig. 4). It 
can also be seen that the reactions of acetylcholinesterase with acetyl- 
choline or with tetraethylpyrophosphate are similarly affected by pH 
changes (1, 11). This type of evidence suggests that the active groups are 
common to both enzymes. 
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Recent work has shown that inhibition of chymotrypsin (12) and cho- 
linesterase (13) by DFP involves the rupture of the P—F bond. The 
phosphorus atom of DFP is electrophilic and is attracted to an “esteratic 
site;”’ apparently the product of the reaction forms an inactive phosphoryl- 
ated enzyme (14-16). Available evidence suggests that an unstable P—N 
bond is formed between the DFP product and the imino group of histidine, 
present in the active center of the enzyme. This type of reaction is com- 
mon to a variety of toxic organophosphorus complexes (17, 18). Since 
acyl and dialkylphosphorylimidazole compounds have high energy bonds 
(19), it is possible that imidazole plays an important rdéle in the active 
centers of both acetylcholinesterase and DFPase. This could account 
for the identity of the pKgen,+ values for these two enzymes. The inhibi- 
tion of an enzyme by an organophosphorus compound could be explained 
by assuming that the final product of the sequence of reactions that takes 
place at the active centers is a stable phosphorus derivative. On the 
other hand, the failure of DFP to inhibit DFPase may be due to the for- 
mation of an unstable imidazole complex which is readily hydrolyzed. 


SUMMARY 


An ionization constant for hog kidney DFPases has been calculated. 
The value (pKgy,+ = 7.2) is not affected by the addition of Mn++ and co- 
factors, while the A,, value is markedly influenced under the same condi- 
tions. The pH optimum for DFPase in the presence of Mnt*+ and Mn** 
plus cofactors is close to pH 8.5. These results are discussed in relation 
to possible modes of action of DF Pase. 
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DIALKYLFLUOROPHOSPHATASE OF KIDNEY 
V. THE HYDROLYSIS OF ORGANOPHOSPHORUS COMPOUNDS 


By L. A. MOUNTER anv LIEN TIEN H. DIEN 


(From the Department of Biochemistry, School of Medicine, University of 
Virginia, Charlottesville, Virginia) 


(Received for publication, August 3, 1955) 


An enzyme (dialkylfluorophosphatase') in hog kidney, which is capable 
of hydrolyzing diisopropy! fluorophosphate, has been characterized (1-5), 
but no systematic study has been made of the substrate specificity of this 
enzyme. ‘The present investigation was undertaken to determine the rate 
of hydrolysis of a variety of phosphorylated esters by hog kidney DF Pase. 


Methods 


Sources of hog kidney enzyme were ethanol-precipitated fractions ob- 
tained by procedures previously described (1). DFPase was estimated 
by the Warburg method (1, 6). In experiments in which metal ions and 
cofactors or inhibitors were used, the compounds were incubated with the 
enzyme in the side arm of the Warburg flask for 15 minutes before mixing 
with the substrate. Phenol, liberated by the hydrolysis of phenylphos- 
phates (7), inorganic phosphates liberated from glucose-1-phosphate, ad- 
enosine triphosphate (8), hexose diphosphate (9), sodium pyrophosphate 
(10), phosphocreatine (11), and the degree of hydrolysis of acetylphos- 
phate (12) were analyzed according to standard procedures. 


Results 


Data in Table I report the effect of purified DFPase (Fraction A-2) on 
thirty organophosphorus compounds. It was found that there was ap- 
preciable hydrolysis of six of the fluorophosphates, two pyrophosphates, 
and diethyl cyanophosphate. Hexose diphosphate was hydrolyzed to a 
limited extent by the enzyme preparation. In Fig. 1, it can be seen that 
the rate of hydrolysis is influenced by the size and type of the alkyl group 
attached to phosphate; n-alkyl derivatives are hydrolyzed more readily 


1 The following abbreviations are used: DFPase, dialkylfluorophosphatase; DFP, 
diisopropyl fluorophosphate; TEPP, tetraethyl pyrophosphate; DBFP, di-n-butyl 
fluorophosphate; DiisoBFP, diisobutyl fluorophosphate; DAFP, di-n-amy] fluoro- 
phosphate; DEFP, diethyl fluorophosphate; DPFP, di-n-propyl fluorophosphate; 
TPPP, tetra-n-propyl pyrophosphate; DECNP, diethyl cyanophosphate; TisoPPP, 
tetraisopropyl pyrophosphate; DiisoAFP, diisoamy] fluorophosphate; DOFP, di-n- 
octyl fluorophosphate. 
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than their respective isomers vith isoalkyl radicals. 


DIALKYLFLUOROPHOSPHATASE. V 


The replacement of 


isopropyl by the isosteric dimethylamino group eliminates enzymatic 


hydrolysis. 


Most of the organophosphorus compounds studied are hydrolyzed by 


the kidney homogenate. 


In the representative results in Table II, the 


Hydrolysis of Phosphorus Esters by Hog Kidney DF Pase (Fraction A -2) 


Compound 


umoles hydrolyzed per 30 
min. per mg. N (substrate 
concentration, 10 mmoles) 


Diethyl] fluorophosphate 
Di-n-propyl] fluorophosphate 


Diisopropyl 
Di-n-butyl 
Diisobutyl 
Di-n-amyl 
Diisoamy] 
Di-n-octyl 


Bis(dimethylamino)fluorophosphine oxide 
Tetraethyl pyrophosphate 
Tetra-n-propyl pysephesphate 
Tetraisopropyl 

Tetrakis(dimethylamino) pyrophosphate 
Diethyl cyanophosphate 


Diethyl-p- nitvopheny! phosphate (Paraoxon) 
thionophosphate (Parathion) 


Hexose diphosphate 


628 


444.92 


12 


The following compounds had negligible or zero rates of hydrolysis: triethy]l-, 
tri-n-propyl, and tri-n-butyl phosphates; triethyl and triisopropyl phosphites; di- 
ethylethyl phosphonate; disodium monophenyl-, monosodium diphenyl-, glucose-1-, 
and acetyl phosphates; sodium pyrophosphate; phosphocreatine and adenosine tri- 


phosphate. 


relative rates of hydrolysis of DFP and TEPP are increased during suc- 
cessive purification steps of DFPase, while those of the remaining com- 
pounds, with the exception of hexose diphosphate, are decreased or elimi- 
nated. The results indicate that a single enzyme is responsible for the 
hydrolysis of DFP and TEPP. In the case of hexose diphosphate, some 


purification was noted in Fraction A-1. 


These results demonstrate that 


kidney homogenate contains a number of enzymes capable of hydrolyzing 


a variety of organophosphorus compounds. 
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f Neurath and Schwert (13) emphasized the importance of attaining 
C maximal rates of hydrolysis in enzyme specificity studies. The effect of 
substrate concentration with six compounds is presented in Fig. 2. The 
y 
e 300- oDEFP 
a DPFP 
) 
200 
re) 
FP 
DFP 
= 
a 
Number of C atoms inalkyl group 
Fic. 1. Relative rates of hydrolysis of fluorophosphates, pyrophosphates, and 
dialkyl cyanophosphate. Substrates, 10 mm; rate of DFP hydrolysis, 100 per 
cent. 
TABLE II 
Effect of Hog Kidney Homogenate and DF Pase Fractions on 
Organophosphorus Esters 
Relative activity 
‘ Metal ion 
li- Substrate added pH 
(107% m) Homo- | Frac- | Fraction} Fraction 
genate* | tion A - 
\rl- 
Diisopropyl fluorophosphate Mntt 7.4 | 1 (86) | 7.0 | 60 160 
 Tetraethyl pyrophosphate 7.4 | 1 (25) | 6.7 | 53 145 
Diethyl-p-nitrophenyl phosphate} None 7.4 | 1 (2.8) | 0.3 0.02 | <0.01 
n- Mn*+ 7.4 | 1 (2.0) | 0.3 0.01 | <0.01 
Disodium monopheny] phosphate; 5.2 | 1 (75) | 1.20] 0.50 0.02 
h 9.2 | 1 (153) | 0.23 | 0.32 0.09 
Monosodium diphenyl phosphate] | 5.0 | 1 (86) | 0.32] 0.85] 0.12 
ne Sodium pyrophosphate = 5.0 | 1 (45) | 1.55} 0.25 0.01 
at Hexose diphosphate Mn** 9.0 | 1 (82) 16 3.3 
n 
é * The figures in parentheses represent micromoles of substrate hydrolyzed per 
ml. of homogenate per 30 minutes. 
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insolubility of DBEFP and DiisoBFP limits the rate of reaction, but the D 
results show that the data in Table I, obtained with substrates at 10°? m, a 
are satisfactory for assessing the activity of DFPase. r 
> DEFP__., 
60- 
DPFP | 
40 
7 - 
TEPP B - 
10— M 
“solubility limit 
_ Phe 
fe) 20 30 
Substrate conc. (mM) Phe 
Fic. 2. Effect of substrate concentration on rate of hydrolysis of organophos- 
phorus esters. Top curves, soluble esters; bottom curves, sparingly soluble esters. DFI 
TaBLe III 
Relative Rates of Hydrolysis of Fluorophosphates by DF Pase Preparations a 
(Fraction A-2) 
Preparation DFP DEFP DPFP DBFP | DiisoBFP | DAFP TEPP 
A 100 280 260 120 90 67 
B 100 340 270 130 65 It 
C 100 115 85 25 ester 
D 100 330 25 tion 
E 100 130 79 (Fig. 
The values are given in per cent. 
but 
In Table III, the relative rates of hydrolysis of seven different organo- Wilsc 
phosphorus compounds are approximately the same with five different betws 
preparations of Fraction A-2. The results in Table IV present the effect DFP: 
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of activators, inhibitors, and heat on the hydrolysis of six organophosphorus 
compounds. Each of these substrates is activated or inhibited to the same 
extent. Such data prove that a single enzyme is responsible for the hy- 
drolysis of these fluorophosphates and pyrophosphate esters. 


TaBLe IV 
Effect of Activators, Inhibitors, and Heat on DF Pase Activity 


Preparation | DFP | DEFP | DBFP | DiisoBFP | DAFP | TEPP 


Activation, per cent 


oy <« + histidine*............| 900 970 850 


Inhibition, per centt 


Mepharsan (10-4 M)................. 83 | 86 
Phenylhydrazine (3 K 10-3 m).......| 20 20 30 23 18 
Ethylenediaminetetraacetic acid 
Phenylmercuric chloride (2 X 10~*m) 45 54 47 40 
DFPase heated, 5 min. at 45°....... 15 18 12 16 
95 90 92 93 90 100 


* Concentration in side arm 10-3 m; diluted to 10-4 m on mixing with substrate. 
t Mnt* (10-3 m) present in each experiment. 


DISCUSSION 


It has been shown that alkyl groups are necessary in order for phosphate 
esters to be hydrolyzed by DFPase. Furthermore, the size and configura- 
tion of the alkyl group are important in determining the rate of hydrolysis 
(Fig. 1). In this respect, it has been demonstrated that chymotrypsin 
(14) and other esterases (15) react with dialkyl-p-nitrophenyl phosphates, 
but not with p-nitrophenyl phosphate. It would appear probable that 
Wilson’s (16) conclusions concerning the possible mechanisms of reaction 
between alkylated phosphorus esters and cholinesterases are applicable to 
DFPase. According to Wilson, the reactivity of the alkylated phosphate 


! 
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esters with enzymes seems to be due to the electrophilic character conferred 
on the phosphorus atom by the adjacent groups. In the case of DF Pase, 
the type of compound which can be hydrolyzed by this enzyme will prob- 
ably be determined by (a) the presence of the alkyl groups, (b) the rela. 
tively reactive PF’, P-—CN, or pyrophosphate bond, and (¢) the geometry 


of the molecule. ‘The latter consideration probably explains the inability | 


of DEF Pase to hydrolyze dialkyl-p-nitrophenyl phosphates (17). 


SUMMARY 


evidence is presented that a number of fluorophosphates and pyrophos. 
phates are hydrolyzed by hog kidney dialkyl fuorophosphatase (DEF Pase), 
Data are presented whieh could explain the differences in the rates of 
hydrolysis of organophosphorus substrates by DFPase. 


Knzymes in hog kidney homogenate which are capable of hydrolyzing a 


variety of organophosphorus esters are eliminated during the purification 
of DFPase. 


The authors are grateful to Dr. R. Metealf, Dr. A. D. F. Toy, the Vie- 
tor Chemical Works, and the Virginia-Carolina Chemical Corporation for 
gifts of organophosphorus compounds used in these studies’ 
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AN ISOTOPE TRACER STUDY OF GLUCOSE CATABOLISM 
PATHWAYS IN LIVER* 


By CHARLES WENNER? SIDNEY WEINHOUSE 


(From the Lankenau Hospital Research Inatitute and The Institute for Cancer Research, 
Philadelphia, Pennsayloania) 


(Reeeived for publication, August 9, 1955) 


Recognition of additional pathways of glucose dissimilation via pentose 
(1-3) has led to considerable interest in the extent to which the pentose 
route participates in the metabolism of glucose in cells. Though enzymes 
involved in this process have been found widely distributed in nature (4-6), 
the extent of glucose breakdown through the pentose pathway, as com- 
pared to that via the classical glycolytic process of Embden and Meyerhof, 
still remains uncertain. Thus far, most of the published estimates have 
been based on the relative incorporation of C™ from variously C-labeled 
glucoses into respiratory CO. (7-9). Although this procedure is capable 
of providing qualitative evidence of the occurrence of the pentose pathway 
under certain circumstances, its application to animal tissue thus far has 
led to results, the quantitative interpretation of which appears to be in 
dispute (8). A detailed discussion of the shortcomings of this means of 
estimation is available (10). 

Recently a method has been employed in our laboratory which, we 
believe, provides a more direct, and therefore possibly more reliable, esti- 
mation of the occurrence of these processes in cells. Reports of its appli- 
cation to yeast (11) and to a variety of microorganisms and neoplastic 
and non-neoplastic animal tissue (12) have been published. Though the 
application of this procedure to animal tissue is still under study, the un- 
certainty of estimations based on CO. measurement has prompted us to 
submit our own findings at this time. 

The principle of our method has been previously described (11, 12). 
Experimentally, it involves the simultaneous catabolism of carbon 1-labeled 
and uniformly labeled glucose by aliquots of cells in vitro (slices and whole 
homogenates of animal tissue have been used), followed by isolation and C™ 
assay of a 2- or 3-carbon intermediate such as pyruvate, lactate, or acetate, 
or a substance directly derived therefrom such as cholesterol, fatty acids, 
acetoacetate, etc. If there was no endogenous metabolism, 3-carbon 


* Aided by grants from the National Cancer Institute of the National Institutes 
of Health, the American Cancer Society, and the United States Atomic Energy Com- 
mission, contract No. AT (30-1)777. 

t Fellow of the Damon Runyon Memorial Fund for Cancer Research, Inc. 
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compounds derived from trioses formed via the Embden-Meyerhof proc- 
ess from glucose-1-C'* would have the same specific activity as the labeled 
glucose. Any deviation from a relative specific activity of unity would be 
indicative of triose formation via a mechanism different from the Embden- 
Meyerhof process. A value lower than unity would indicate the forma- 
tion of triose via a mechanism preferentially utilizing carbons other than 
carbon | of glucose. If we make the assumptions that the Embden-Meyer- 
hof and the direct pentose processes are essentially the only ones involved 
in triose formation, that triose is formed at equal rates from all 6 glucose 
carbons (or at least from carbons | and 6) via the IEmbden-Meyerhof 
process, and that no triose is derived from carbon 1 via the pentose path, 
then the relative specific activity of the 3-carbon compound chosen for 
study would give directly the proportion of trioses derived via the Embden- 
Meyerhof pathway. 

In similar fashion, one can estimate that any 2-carbon compound (or a 
direct. product thereof) derived directly via the Iembden-Meyerhof process 
will have 1.5 times the specific activity of the glucose-1-C™. This is evi- 
dent from the fact that, in C. formation, the unlabeled carbons 3 and 4 are 
lost by decarboxylation. In this instance the degree to which the observed 
specific activity is lowered from the calculated value of 1.5 provides an 
estimation of the occurrence of processes of acetate formation not involving 
glucose carbon 1. 

Before this method can be applied, however, it is necessary to know to 
what extent 2- or 3-carbon compounds are being formed from endogenous 
carbon. This can be done by simultaneously carrying out an exactly 
similar experiment with uniformly labeled glucose (glucose-U-C"™). On 
the basis that dilution by endogenous carbon is the same for both carbon 
1 and uniformly labeled glucoses, a factor is provided whereby a corrected 
relative specific activity is obtained which is independent of the degree of 
dilution by endogenous carbon. This corrected relative specific activity 
is also independent of any carrier addition to facilitate recovery, as long 
as the same amounts are added to each flask. In the present report there 
is described the application of this procedure to the liver of the rat and 
mouse. Quantitative evaluation of glucose catabolism under various met- 
abolic conditions was studied, as well as the effect of hexokinase and 
triphosphopyridine nucleotide (TPN) on the relative participation of the 
two pathways on glucose dissimilation. In these experiments acetoacetate, 
which accumulates under the conditions employed, was assumed to repre- 
sent the specific activity of the acetyl group. In experiments with other 
tissues, lactic acid was used to represent the activity of 3-carbon com- 
pounds; these will be reported separately. 
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EXPERIMENTAL 


In general the preparation of tissue slices and whole homogenates and 
the incubation with labeled substrates were conducted as previously de- 
scribed (13, 14). Young, adult, well nourished rats or mice from our stock 
colony were decapitated and the tissues rapidly excised. In order to ob- 
tain diabetic liver tissue, experimental diabetes was produced by the intra- 
peritoneal injection of 17.5 mg. of alloxan monohydrate per 100 gm. rat. 
The livers were then excised from those animals which exereted at least 
5 gm. of glucose daily. Approximately 2 gm. of tissue slices, obtained with 
the aid of the Stadie-Riggs slicer (15), were suspended in 15 ml. of Ringer- 
phosphate solution (16) in Warburg type flasks of 125 ml. capacity. The 
substrate was added in a final concentration of O.OL mM and the final volume 
was brought to 16 ml. For carbon dioxide absorption, a filter paper roll, 
soaked with O.1 ml. of 10. N CO,-free sodium hydroxide, was placed in the 
center well. After attachment to the manometers the flasks were flushed 
with oxygen, equilibrated 10 minutes at 38°, the manometer stop-cocks 
were closed, and the flasks were shaken for 50 minutes. Dilute sulfurie 
acid was then tipped in from the side arm to stop the reaction and to 
liberate the bound CO». After shaking for 10 minutes to allow complete 
absorption of CO, by the alkali, the flasks were removed from the manom- 
eters, the filter paper and washings were transferred to a stoppered flask, 
and the carbonate was precipitated by the addition of excess 1 mM barium 
chloride solution. The precipitated barium carbonate was filtered, dried, 
and transferred to planchets for counting. 

For homogenized tissues the previously described experimental pro- 
cedure was followed (14). The tissues were homogenized for 2 minutes 
by the Potter-Elvehjem procedure (17) in 6 volumes of an ice-cold isotonic 
medium containing KCl, 0.133 m, and phosphate buffer (pH 7.4), 0.0123 
mM. Aliquots representing 43 mg. of fresh tissue were added to chilled War- 
burg vessels containing the other ions, factors, and substrates constituting 
the basic medium. This consisted of the following substances in their 
final concentrations: MgSO,, 3 10-* M; potassium fumarate, 7 X 
cytochrome c, 4 X 10-5 mM; phosphate buffer (pH 7.4), 6 X 10-* m; KCl, 
1.4 X and diphosphopyridine nucleotide (DPN), 2 10-*m. After 
addition of substrate, water was added to a final volume of 1.6 ml. Incu- 
bations were then conducted as described above. However, because of 
the small quantity of respiratory CO: produced, it was necesssary to add 
0.3 mmole of carrier carbonate to the filter paper washings to isolate 
sufficient quantities of CO: for measurement of C™ incorporation. 

Each experiment was run in duplicate, and only those were chosen for 
calculation in which the products isolated from the two flasks had specific 
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activities agreeing to within 10 per cent. In the case of homogenates, very 


good agreement among similar flasks was found; however, in a few tissue | 


slice experiments, not reported, where less uniform amounts of tissue were 
obtained, the specific activities varied by slightly more than 10 per cent. 

Isolation of Acetoacetate—The contents of the Warburg flasks were neu- 
tralized with dilute NaOH, bromocresol purple being used as indicator. 
272 uwmoles of carrier acetone were added, and the acetoacetate present 
was thermally decarboxylated by distillation. Acetone was collected, 
isolated, and counted (18). The specific activity of acetone carbon as 
barium carbonate was calculated by multiplying the specific activity of the 
acetone-mercury complex by 1.7, an experimentally determined factor. 
In calculating the specific activity of acetoacetate, no correction was neces- 
sary with uniformly labeled glucose, since the specific activity of acetone 
would be expected to be the same as that for acetoacetate. However, 
with glucose-1-C"™, the acetoacetate was assumed to be equally labeled in 
the a- and y-carbons, and thus to have a specific activity three-fourths 
that of the acetone. 

Materials—-DPN, ‘TPN, and crystalline hexokinase were obtained from 
the Pabst Laboratories. Cytochrome ¢ from horse heart was purchased 
from the Sigma Chemical Company. Uniformly C-labeled glucose (glu- 
cose-U-C™) was obtained from the Nuclear Instrument and Chemical 
Corporation, and glucose-1-C™ and glucose-6-C™ were obtained from the 
National Bureau of Standards through the kindness of TLS. Isbell. Other 
reagents were commercial preparations. 


Results 


To illustrate the methods of calculation, a typical experiment with rat 
liver slices is summarized in Table 1. In this experiment, duplicate values 
of 104 and 101 ¢.p.m. were obtained for acetoacetate formed in the presence 
of glucose-U-C™, whereas that obtained from glucose-1-C™ had a mean 
specific activity of (124 + 136)/2 = 130 ¢.p.m. The relative specific 
activity of the acetoacetate from glucose-U-C™, calculated from the 
formula, the relative specific activity = the specific activity of acetoace- 
tate X 100, divided by the specific activity of glucose-U-C™, wasthus 103 X 
100/125,000 = 0.083 per cent. This means that 0.083 per cent of the 
acetoacetate isolated came from the labeled substrate, the remainder having 
been derived from endogenous carbon and the added carrier. Calculated 
in the same way, the acetoacetate from glucose-1-C™ had a relative specific 
activity of 130 XK 100/125,000 = 0.104 per cent. Assuming that the 
acetoacetate from glucose-1-C' underwent the same dilution by endogenous 
and carrier acetoacetate as did that from glucose-U-C"™, we can estimate 
that the “true” specific activity (corrected relative specific activity) of the 
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acetoacetate derived from glucose-1-C™ would have been 0.104/0.083 = 
1.25. Since acetyl groups derived from glucose-1-C™ exclusively via the 
Embden-Meyerhof process would have had a relative specific activity of 
1.5, we can assume that 1.25/1.50 = 83 per cent of the acetyl groups 
from glucose arose via the Embden-Meyerhof process. The remaining 
17 per cent must have arisen via a process not involving glucose carbon 1. 

CO, Formation from Glucose Carbon 1—If the Embden-Meyerhof process 
operated exclusively in liver, the corrected relative specific activity of the 


TABLeE I 


Oxidation of and Acetoacetate Formation from Glucose-U-C™ and Glucose-1-C™ in Rat 
Liver Slices 


The labeled glucoses (160 pmoles with a specific activity of 125,000 e.p.m.) were 
incubated in duplicate vessels for 1 hour at 37° with oxygen in the gas phase. At 
the end of the experiment, 272 wmoles of acetone were added to the flask contents 
ascarrier. Specilie activities are reported in counts per minute per dish, calculated 
as “infinitely thick’? samples of barium carbonate. Values are based on 2.0 gm. of 
tissue (flasks actually contained from 2.15 to 2.30 gm.). The numbers under each 
column refer to the duplicate vessels. 


Seis 
52 
Ver cent A Per cent 
Amount, Sprecitte wes rount, Specil 
Oxygen con 
sumption | 92) 9 105 | Ol 
Respira- | 
tory CO, 2730 31000.250.26 110 | 102 |7480 88000.63.0.75) 2.79 
Acetoace- | | | | 
tate... 272 | 272 | 104 10110. 1010.10 272 | 272 | 124 1960.12.13 1.25; 83 


CO, could not be greater than unity, and would very likely be lower, since 
glucose carbon | (and carbon 6) forms a methyl carbon of acetate, and thus 
would be expected to be less rapidly oxidized via the citric acid cycle than 
carbons 2 to 5 inclusive. The corrected relative specific activity of 2.79 
in this experiment thus strongly corroborates the evidence derived from 
the relative specific activity data on acetoacetate in indicating the occur- 
rence of a process in which glucose carbon 1 is converted to COs more 
rapidly than are the other 5 carbons. 

These results illustrate a feature we have observed consistently in liver 
in vitro; that is, a very low rate of glucose catabolism as compared with 
non-hepatic tissues (14). In the experiment of Table I, the relative spe- 
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cific activities indicate that only about 2 per cent of the respiratory COz has 
been derived from the glucose employed as substrate. This result is 
anomalous in the light of the well established rapidity of lipogenesis from 
glucose in the intact, normal animal (19), a process in which the liver 
presumably plays a major réle. It cannot be due to lack of ability to 


oxidize acetyl groups, since lactate, octanoate, etc., and even acetate itself — 


are oxidized readily in liver, presumably via acetyl CoA and the citric acid 
cycle. Possibly the environmental conditions in vitro may be unfavor- 
able, or more likely the glucose arising from glycogen breakdown or by 
glyconeogenesis may be preferentially catabolized. Aside from other con- 


II 
Estimation of Glucose Catabolism Pathways in Liver Slices 
The procedure is the same as in Table I. 


Corrected relative specific 
Species activity Cy gates vip 
Acetoacetate CO; 
per cent 

1.24 2.70 82 
“ bicarbonate buffer............... 0.96 1.16 64 
0.91 3.30 61 
“ diabetic....... 1.09 2.65 73 

“ regenerated... 0.62 1.32 41 (56)* 
Mouse......... 0.40 0.86 27 


* This value is based on data on glucose 6-C™. 


siderations (10), the low rate of CO, formation from exogenous glucose 
raises doubt as to the significance of estimations of glucose catabolism 
pathways in liver, based on CO, data alone. 

Table II represents a summary of results obtained with this procedure, 
mouse and rat liver being used. In different experiments with rat liver 
slices, calculations revealed that the Embden-Meyerhof process accounts 
for from 61 to 99 per cent of C, units arising from glucose. In two ex- 
periments in which a bicarbonate buffer was used, somewhat lower values 
were obtained than when a phosphate buffer was used; however, the differ- 
ences are probably not significant in view of the variability among livers 
from different animals. Fasting apparently plays no important rdle, and 
the one experiment conducted with an alloxan-diabetic rat indicates that 
this condition also does not markedly affect the relative participation of 
the Embden-Meyerhof process in liver slices. Regenerated liver also 
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gives a pattern similar to that of normal liver; the one experiment con- 
ducted with this tissue gave a value of 41 per cent. The participation of 
the Embden-Meyerhof process in mouse liver appears to be less than 
that of the rat. Two experiments with slices gave values of 27 and 43 
per cent. 

Glucose Catabolism in Liver Homogenates; Effect of Hexokinase—In gen- 
eral, oxidation of exogenous glucose in rat liver in vitro is quite low, and 
this is true both in slices (13) and in homogenates (14). Whether this is 
true also in the intact animal, whether it represents a loss of a labile com- 
ponent during the preparation of the tissues, or whether it is an artifact 
caused by dilution of the labeled exogenous sugar by glycogen or by glyco- 
neogenesis is not certain. However, it has been observed (20) that the 
addition of yeast hexokinase to rat liver homogenates greatly stimulates 
the incorporation of exogenous glucose carbon in CO». Consequently, it 
was of interest to compare the occurrence of the Embden-Meyerhof and 
pentose processes in the absence and in the presence of hexokinase. Three 
such experiments were conducted, one with mouse liver and two with rat 
liver, and these have been summarized in Table III. Each sugar was 
incubated in duplicate with aliquots of the same tissue with and without 
hexokinase. 

The presence of hexokinase resulted in approximately 50 per cent in- 
creases in oxygen consumption, and in 4- to 6-fold increases in the oxida- 
tion of glucose-U-C™ to CO». In the experiment with mouse liver, the 
corrected relative specific activities of acetoacetate isolated from the flasks 
containing hexokinase were slightly higher than those without hexokinase, 
leading to values of 78 and 59 per cent C, units via the Eembden-Meyerhof 
process in the supplemented and unsupplemented vessels, respectively. 
In one of the experiments with rat liver, the values were the same, at 76 
per cent, and in the other the value for the supplemented flasks was 54 per 
cent as compared with 32 per cent for the unsupplemented vessels. 

Stimulation of CO, production by hexokinase appears to be greater for 
glucose-U-C™ than for glucose-1-C". In Experiment 1 (sixth column), 
the relative stimulations were in the ratio of 2.45/0.42 = 5.8 and 1.95/- 
0.47 = 4.1; in Experiment 2, they were 4.1 and 2.4; and in Experiment 3, 
they were 4.0 and 2.3. It seems likely that such a result might be in 
accord with the tendency noted from the acetoacetate data for hexokinase 
to favor the occurrence of the Embden-Meyerhof process, and this is also 
in agreement with the observed greater stimulation, in per cent, of incor- 
poration of glucose carbon 1 into acetoacetate in the two experiments in 
which the Embden-Meyerhof process was increased by the addition of 
hexokinase. 

Effect of TPN—It is now evident (3, 5) that two mechanisms exist 
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whereby pentose may be formed directly from hexose. In one of these, 
glucose-6-phosphate is oxidized to 6-phosphogluconic acid, and this is 
decarboxylated to yield COs and ribulose-5-phosphate (21). More re- 
cently, Racker et al. (5) described another process whereby, through the 
action of transketolase, and of triose phosphate as an acceptor, fructose-6- 


TaBLe III 
Effect of Hexokinase on Glucose Catabolism in Liver Homogenates 


To the basic system, as described in the text, were added U-C" or 1-C'*-labeled 
glucose in a final concentration of 0.01 mM, 0.5 mg. of hexokinase when required, and 
0.3 ml. of the homogenate, representing 43 mg. of original tissue, and the volume 
was brought to1.6ml. The experiment was run for 1 hour in air at 38°. At the end 
of the experiment, 300 wmoles of sodium carbonate were added to the contents of 
the central well, and 272 umoles of acetone were added to the flask contents as car- 
The values are averages of two determinations (agreement was within 10 


riers. 
per cent). 
"Labeled glucose | Connected 
converted to specific C2 units 
Experi- Liver ‘ : | Oxygen activity via 
Hexokinase Substrate uptake Mover 
Aceto- | process 
Aceto- 
umoles per cent 
1 Mouse | Absent Glucose-U-C'# 6.4 | 0.42 | 0.112 1.11; 0.88 59 
Glucose-1-C'* 6.2 0.47 | 0.098 
Present | Glucose-U-C'% 8.1 | 2.45 | 0.29 |0.80) 1.17 78 
Glucose-1-C' 8.1 | 1.95 | 0.47 
2 | Rat Absent Glucose-U-C'4 8.2 | 1.62 | 0.136 |2.1 | 1.14 76 
Glucose-1-C!4 8.7 | 3.42 | 0.155 
Present | Glucose-U-C™ | 14.1 | 6.60 | 0.63 |1.18) 1.13 76 
Glucose-1-C!4 14.1 | 7.80 | 0.71 
3 Rat Absent Glucose-U-C'* | 10.5 | 0.75 | 0.28 2.6 | 0.47 32 
Glucose-1-C'4 11.1 | 2.0 | 0.18 
Present Glucose-U-C' | 14.0 | 3.0 1.15 (1.49) 0.81 54 
Glucose-1-C'* 13.9 | 4.5 | 0.98 
phosphate is converted to tetrose phosphate and pentose phosphate. Since 


neither of these processes yields 2- or 3-carbon compounds from glucose 
carbon 1, it is assumed that those C, units which are not derived via the 
Embden-Meyerhof process arise by way of one or both of these pentose 
pathways. ‘The increased incorporation of glucose carbon 1 into CQ, 


associated with the occurrence of non-Embden-Meyerhof glucose catabo- 
lism, indicates that the oxidative decarboxylation of 6-phosphogluconic 
acid accounts for at least part of the non-Embden-Meyerhof glucose catab- 
olism. To obtain further information concerning the significance of the 
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oxidative pathway, some experiments were performed to test the effect of 
triphosphopyridine nucleotide on the pattern of glucose catabolism in 
liver homogenate. Inasmuch as TPN is involved as a coenzyme in the 
oxidation of glucose-6-phosphate to 6-phosphogluconic acid, it might be 
expected to enhance the occurrence of the oxidative path. As anticipated, 
addition of TTPN caused marked increases in both oxygen consumption 
and in the oxidation of glucose carbon to CO. (Table IV, third and fourth 
columns). That this increased oxidation involves the oxidative pathway 
to pentose is indicated by the fact that, whereas oxidation of glucose-U-C™ 
to CO» was increased from 5.0 to 7.2 microatoms, that of glucose carbon | 
was increased 3-fold from 7.3 to 23.6 microatoms. Associated with this 


TABLE IV 
Effect of TPN on Glucose Catabolism in Rat Liver Homogenates 


_ The experimental details are the same as those described in Table II]. Hex- 
okinase was present in all the flasks; TPN was in a final concentration of 0.001 m. 
The values are averages of two determinations (agreement within 10 per cent). 


Labeled 
carbon relative specitic C: units via 
converted to activity dy 
TPN Substrate 
process 
CO: COz 
pmoles | | micro per con 
Absent Glucose-U-C'™ 9.6 5.0 | 5.30 | 1.46 | 0.80 53 
Glucose-1-C!4 9.4 7.3 | 4.25 
Present Glucose-U-C' 12.1 7.2 4.51 | 3.30 | 0.52 35 
Glucose-1-C' 11.5 | 23.6 | 2.37 


stimulation in oxidation of glucose carbon 1 to COs was a decrease in its 
conversion to acetoacetate. From the corrected relative specific activities 
it was estimated that the addition of TPN in this experiment lowered the 
participation of the Embden-Meyerhof process from 53 to 35 per cent. 
This type of experiment might be regarded as a model of how the availa- 
bility of a coenzyme can regulate the metabolic pattern of a tissue, though 
at present this single experiment with a cell-free system is not considered 
to reflect necessarily the physiological effects of TPN in intact cells. 
Kxperiments with Other Labeled Glucoses—While this work was in prog- 
ress, glucose-6-C™ and = glucose-2-C™ became available through H. 8. 
Isbell of the National Bureau of Standards. It was desirable to supple- 
ment our data with experiments including these sugars, and several are 
summarized in Table V. In the first experiment, aliquots of a whole 
mouse liver homogenate, fortified with hexokinase, were incubated simul- 
taneously with glucose-U-, 1-, 2-, and 6-C™ and corrected relative specific 
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activities for the acetoacetates calculated as described. On the basis of 
the assumptions made for glucose-1-C™, one can show that acetyl groups 
arising from glucose carbon 6 exclusively via the Embden-Meyerhof proc- 
ess will have 1.5 times the specific activity of glucose-6-C"™. 
process yields only one acetyl group, vz. from glucose carbons 5 and 6, 
the acetate arising from this process will have a relative specific activity 
of 3. On this basis we obtaina value from the glucose-6-C"™ data of (3.0 — 
1.98/1.5)100 = 68 per cent Embden-Meyerhof mechanism. This value 
is so close to that of 76 per cent, calculated independently from the glu- 
cose-1-C'* data, that it lends confidence in the correctness of the assump- 
tions underlying the calculations. If, for example, an acetyl group arose 
from carbons 1 and 2 of pentose, as suggested by Sprinson and Weliky (22), 


TABLE V 
Glucose Catabolism in Liver Homogenates 


The experimental details are the same as those described in Table III; hexokinase | 


was present ineach case. The values are averages of two determinations (agreement 


within 10 per cent). 


Corrected relative specific 
Species Substrate 
Meyerhof process 
Respiratory COz) Acetoacetate 
Mouse Glucose-1-C'4 0.80 1.17 78 
Glucose-2-C!4 0.60 1.18 79 
Glucose-6-C'4 0.53 1.98 75 
Rat Glucose-1-C'4 1.2 1.13 76 
Glucose-6-C'4 0.52 1.93 73 


the calculation just made would be invalid. Fortunately, a check on this 
possibility is available from the data obtained with glucose-2-C™. If 
glucose carbon 2 were converted to acetate via pentose, we should expect 
a higher relative specific activity in acetyl groups from glucose-2-C™ than 
from glucose-1-C“. The observation that both yield acetoacetate with 
the same relative specific activity strongly indicates that there is essen- 
tially one mechanism, the Embden-Meyerhof, in which acetyl groups 


If the pentose | 


arise directly from carbons 1 and 2 of glucose, and that there is essentially 
no direct formation of acetate from glucose carbons 2 and 3. 

Another means of checking the correctness of the assumptions is avail- 
able in this experiment by directly comparing the specific activities d 
acetoacetates from glucose-1-C“ and from glucose-6-C™. Since in the 
Embden-Meyerhof process the ratio (relative specific activity of C2 units 
from glucose-1-C™)/(relative specific activity of C2 units from glucose 
C4) = 1, and in the shunt the same ratio is 0, it is clear that the ratio d 
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specific activities gives directly the proportion of total glucose molecules 
which have been catabolized to the 2 carbon stage via the Embden-Meyer- 
hof process. Thus, in this experiment the ratio would be (1.17/1.98)100 = 
59 per cent. ‘To convert this to the proportion of C. units derived via 
the Embden-Meyerhof process, it is necessary to take into account that 
this process yields 2 Cz units, whereas the pentose process yields only 1 
unit from a glucose molecule. Thus the percentage of C2 units derived 
from the Embden-Meyerhof process would be 
59 X 2 118 


15997 


As it should, this value agrees with the independently and separately 
calculated values from the C,; or the C, data alone. In another similar 
experiment carried out with rat liver, again close agreement was obtained 
between values calculated from both glucose-1-C™ and glucose-6-C™ data. 
In fact, in a series of experiments to be reported separately, in which this 
method was used with mouse normal and neoplastic tissues, good agree- 
ment between the data from glucose-1-C"™ and from glucose-6-C™ was ob- 
served in every experiment. 


DISCUSSION 


In evaluating the significance of these estimations it is necessary to 
understand just what is being estimated. Much of the confusion sur- 
rounding attempts to utilize data on CO, production to calculate the ex- 
tent of the direct pentose process is due to ambiguity as to the meaning of 
the results (10). In the present study, the data indicate the extent to 
which glucose carbon 1 contributes to the formation of acetyl groups in 
relation to its production from other glucose carbons. On the basis of the 
assumptions already discussed, this information allows the calculation of 
the percentage of the total acetyl groups which have been formed from glucose 
via the Embden-Meyerhof pathway. Since triose is assumed to be the sole 
source of acetyl groups, by implication in this procedure the percentage of 
triose molecules which have arisen from glucose via the Embden-Meyerhof 
process is also estimated. It is important to recognize that this method of 
estimation takes into account only those glucose molecules which have 
reached the triose phosphate stage, and it does not necessarily give the 
relative rates of conversion of glucose-6-phosphate to fructose-6-phos- 
phate or to 6-phosphogluconic acid. It is conceivable, though probably 
unlikely, that a great deal of glucose may be converted to pentose, and 
this would either remain as such or undergo reactions not involving 
triose. Such a transformation would not be measured by our procedure. 

One of the assumptions underlying our method is that trioses arising 
from glucose are in equilibrium. The possibility exists that equilibration 
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of triose phosphates is incomplete and that the two triose phosphates may 
differ in the extent to which each yields pyruvate or acetate. It has been 
found in our laboratory (23) that C-labeled lactate, serine, and glycine, 
when administered to rats, gave liver glycogen with a symmetrical] distri- 
bution of radioactivity, as determined by the biological degradation proce- 
dure of Gunsalus and Gibbs (24). Thus, in the intact animal, equilibra- 
tion is essentially complete between trioses derived from these substances 
and those derived from endogenous carbon. Schambye eé al. (25) found 
that glycerol appeared preferentially in glucose carbons 1 to 3 of rat liver 
glycogen, but Doerschuk (26) and Landau et al. (27) found essentially 
symmetrical labeling in glycogen arising from C'-labeled glycerol or py- 
ruvate, and Eisenberg (28) found essentially equal labeling in glucose 
carbons 1 and 6 from liver glycogen after administration of lactate-3-C%, 
The agreement already described between calculations based on data on 
glucose-1-C™ with that from glucose-6-C" indicates that lack of equilibra- 
tion would lead to only a minor error, if any, in the calculations. 
Calculating from the incorporation of radioactivity from variously 
labeled glucoses into CO». compared with that from the variously labeled 
lactates, Bloom, Stetten, and Stetten (29) estimated that the Embden- 
Meyerhof process occurs to the extent of about 20 per cent in rat liver 
slices. In another procedure, in which CO, labeling was compared from 
glucose-1-C' and glucose-6-C™, a procedure which gives an estimation of 
the maximal extent of the Embden-Meyerhof process, these investigators 
(30) obtained data which they interpreted as confirmatory of their earlier 
results. However, Agranoff et al. (9) and Katz et al. (8) (see also Wood 


(10)) have pointed out certain pitfalls in these procedures, and the latter — 
provided corrected data which they regard as indicating that the Embden- | 


Meyerhof process occurs preponderantly, up to 98 per cent, in rat liver (31). 

Bloom and Stetten (7) have recently reported new procedures for cal- 
culating from the oxidation of variously labeled lactates and glucoses and 
now state that about one-half of the glucose is catabolized via the Embden- 
Meyerhof process in rat liver. 

Our estimates are in general agreement with these more recent data 
from CO, measurements in indicating that the Embden-Meyerhof process 
operates preponderantly, though not exclusively, in the catabolism of 
glucose in mouse and rat liver. The variability of our data suggests, 
however, that the extent to which the alternate pentose pathways partic 
pate is susceptible to factors which are as yet undisclosed and not under 
control. 

Based on simple, reasonable assumptions and requiring relatively 
straightforward experimental procedures and calculations, the method 
outlined, we believe, yields a reliable approximation of the glucose catab- 
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olism pattern of tissue cells. It is recognized, however, that probably no 
method as yet reported is capable of providing an exact estimation of the 
absolute extent of any specific process. 


SUMMARY 


An isotope tracer procedure is described for estimation of the extent of 
glucose catabolism via the Embden-Meyerhof process in animal tissues, 
and the results of its application to rat and mouse liver are reported. With 
liver the method consists in simultaneous incubation of tissue preparations 
with glucoses, labeled uniformly or in carbon atom 1 or 6 with C", followed 
by isolation of acetone derived from acetoacetic acid, and determination of 
its specific radioactivity. In rat liver slices, from about 50 to 100 per cent 
of the acetyl groups formed from glucose was derived via the Embden- 
Meyerhof process. The values for mouse liver were somewhat lower. 
Fasted, diabetic, or regenerating liver was in the normal range. Similar 
results were obtained in liver homogenates. ‘Though hexokinase addition 
greatly increased glucose catabolism in homogenates, it had relatively 
little effect on the pattern of glucose catabolism. However, triphospho- 
pyridine nucleotide greatly increased the oxidative pentose pathway in 
liver homogenates. 
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METABOLISM OF ESSENTIAL FATTY ACIDS 


III. ISOLATION OF 5,8,11-EICOSATRIENOIC ACID FROM 
FAT-DEFICIENT RATS* 


By JAMES F. MEAD anv WILLIAM H. SLATON, Jr. 


(From the Atomic Energy Project, School of Medicine, University of California, 
Los Angeles, California) 


(Received for publication, May 10, 1955) 


Spectrophotometric studies have indicated that the onset of the fat 
deficiency disease in chicks (1), rats (2, 3), and dogs (4) is accompanied by 
an increase in the amount of conjugated triene formed during alkali isom- 
erization of the fatty acids isolated from these animals. Since this acid 
can hardly be linolenic, the only trienoic acid of known structure found in 
animal tissues, its constitution and origin have remained obscure. It seems 
likely that this unknown acid is identical with that isolated as the poly- 
bromide from the lipides of fat-deficient rats by Nunn and Smedley-Mac- 
Lean (5), since this compound, though manifestly impure, gave an ele- 
mental analysis most nearly represented by C2oH3O2Bre, a hexabromide 
derived from an eicosatrienoic acid. 

For the past few years, this laboratory has been engaged in tracing the 
metabolic pathway of the essential fatty acids (6, 7). A likely inter- 
mediate in the transformation of linoleic acid to arachidonic acid would be 
aneicosatrienoic acid. The appearance of conjugatable triene under condi- 
tions which would preclude the presence of linolenic acid, and the knowl- 


edge that such an acid might be isolated as the polybromide, led us to 
— reisolation and determination of the structure of this compound. 


EXPERIMENTAL 


Isolation of Hexabromoeicosanoic Acid—Rats which had been on a fat- 
free diet (8) from weaning were sacrificed after 6 months. The organs 
and some depot fat were excised and kept frozen until the total lipides of 
these tissues were extracted as described previously (6). The unsaturated 
fatty acid fraction was brominated at 0° in ethyl ether solution. The 
ether-insoluble bromides were removed by centrifugation, and the super- 
natant ether solution was evaporated to dryness. The residue was washed 
with several portions of n-pentane and then with ethyl ether. A small 
insoluble residue remained, which was crystallized from butanone to yield 

* This paper is based on work performed under contract No. AT-04-1-gen-12 be- 


tween the Atomic Energy Commission and the University of California at Los An- 
geles. 
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a microcrystalline colorless solid of m.p. 196-198°. After three recrystal- 
lizations from butanone, the melting point was constant at 199.5-201°, 


(785.99). Calculated! © 30.56, H 4.36, Br 61.00 
Found. 30.51, 4.36, 61.37 


In this manner from twenty-five male? fat-deficient rats there was ob- 
tained a total of 118 mg. of the same substance. 

Determination of Double Bond System—Debromination of a 21.2 mg. 
sample of the hexabromide was accomplished with zine and ethanol in the 
usual manner (6) to give 6.1 mg. of bromine-free ester. The ultraviolet 
absorption spectrum (in pentane) revealed no triene or diene conjugation. 

Alkali isomerization was carried out by the method of Herb and Riemen- 
schneider (10). A sample of 4.5 mg. of the debrominated ester was heated 
at 180° for 15 minutes in 21 per cent KOH in ethylene glycol. Dilution} 
of the mixture with methanol, followed by a spectrophotometric study of 
the diluted solution, revealed intense absorption maxima associated with 
conjugated triene (major maximum, 268 my) and diene (232 my), con- 
parable both qualitatively and quantitatively to those obtained in the 
same manner from methyl linolenate. The results of these experiments 
proved that the three double bonds of this C2o acid were in the 1:4 arrange. 
ment and established the following partial formulation: | 


It remained, therefore, to find n which would serve to fix the entire struc. | 


CH; (C Hz) 10 — a—C H=CH—C H,—CH= H—C H:—CH (Ce) | 


ture of the acid. 

Comparison with Hexabromides of Known Structure—A number of oc. 
currences observed in this Laboratory have suggested that the addition of | 
2 carbon atoms to the carboxy] end of a polybromide does not appreciably 
alter its melting point. Thus, 9,10,12,13-tetrabromooctadecanoic acid | 
(from linoleic acid) and 7,8,10,11-tetrabromoeicosanoiec acid* both melt 
at about 115°. Similarly, 9,10,12,13,15,16-hexabromostearic acid (from 
linolenic acid) and 7,8,10,11,13,14-hexabromoeicosanoic acid both melt 
at about 180°. The fact that 6,7,9,10,12,13-hexabromostearic acid, pre- 
pared by bromination of the unsaturated fatty acids of Oenothera lamarek- 
tana (11, 12), melts at 200-201° was therefore taken as an indication that 
the unknown acid might be its Coo homologue. However, synthetic | 


1! Analyses were performed by Dr. A. Elek, Elek Microanalytical Laboratories, 


Los Angeles. 

2? One group of fat-deficient female rats failed to yield any of the desired acid. 
It is known that the essential fatty acid metabolism of the two sexes is at least quan- 
titatively different (9). 

3 These acids were prepared by Dr. Judd Nevenzel of this Project. The method: 
of preparation and properties will be the subject of a separate communication. 
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ally prepared 8,9,11,12,14,15-hexabromoeicosanoic acid, m.p. 192-193°, 
proved to be an exception to the generalization; moreover, the infra-red 
spectrum! of this synthetic acid was quite different from that of the un- 
known substance, which also differed significantly from those of other 
available polybromides of known constitution. 

Ozonization and Characterization of Fragments—A sample of 12.2 mg. of 
the ethyl ester of the unknown acid (from zine debromination of the hexa- 
bromide in ethanol) was ozonized at 0° in 1 ml. of chloroform, and the re- 
sulting ozonide was treated by a modification of the method of Boeke- 
noogen and Haverkamp-Begemann?! for isolation of the dibasic acid. The 
ozonide was decomposed and oxidized with AgeO in 2 per cent NaOH 
solution. The acids were extracted into ether from this solution after 
acidification. They were then reextracted into 20 per cent NazCO 3 solu- 
tion, which was heated for several hours with dilute NaOH to complete 
hydrolysis, acidified with H.SQO,, and steam-distilled to remove monobasic 
acids. The residual solution was extracted continuously with ether, and 
the extract was washed with water, dried over MgSQO,, and evaporated 
to leave a residue weighing 1.6 mg. 

This residue was dissolved in 10 ul. of dilute NH,OH, and 1 ul. of the 
resulting solution was chromatographed on Whatman No. | filter paper 
with 1 N NH,OH (saturated with butanol) as the stationary phase and 
butanol as the moving phase. With this system the following Rr values 
were obtained for known acids (150 y per ul. of dilute NH,OH): adipic 
0.016, pimelic 0.027, suberic 0.053, azelaic 0.096, and sebacic 0.161. The 
dibasic acids from linoleic and linolenic acids were readily recognized as 
azelaic, but that from the unknown remained at the origin of the chro- 
matogram, an indication that it might be of lower molecular weight. The 
system was then altered for detection of the lower acids, 5 N formic acid 
becoming the stationary phase and n-amyl alcohol the moving phase (13). 
Under these conditions, the following Rr values were observed: malonic 
acid 0.53, succinic acid 0.63, and glutaric acid 0.73. The unknown dibasic 
acid traveled with glutaric acid and had an Ry, value of 0.72. The dibasic 
acid derived from arachidonic acid by ozonization and treatment as de- 
scribed above behaved in an identical manner. This information fixes 
nin the partial formula of the unknown acid as 3, and indicates the follow- 
ing structure for the acid: 


—CH,—CH=CH—(CH,) ;—COOH 


‘Infra-red spectrometry was kindly performed by Mr. Paul Kratz of this Project, 
the KBr pellet technique with the Baird model B recording infra-red spect rophotom- 
eter being employed. 

* Boekenoogen, H. A., and Haverkamp-Begemann, P., personal c ication, 
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DISCUSSION 


Although the structure of an unknown compound can be determined 
with certainty only by synthesis, the results reported above establish the 
structure of the new acid beyond reasonable doubt as 5,8, 11-eicosatrienoic 
acid, 

Purity and identity of the isolated hexabromide were established by 
ultimate analysis and constancy and reproducibility of the melting point. 
The absence of an ultraviolet absorption spectrum in the debrominated 
acid indicates that no appreciable migration of the double bonds occurred 
during the isolation and purification procedures. The appearance of con- 
jugated triene following alkali isomerization, however, demonstrates not 
only that the compound is indeed a triene (in agreement with its yielding 
a hexabromide) but also fixes the relative positions of the double bonds as 
1,4, since more remotely isolated double bonds are not conjugated by this 
treatment. 

The establishment of the structure of the dibasic acid derived from the 
carboxyl end of the unknown acid located the position of the double bond 
system in the acid chain. Ozonolysis under the conditions employed re- 
sults in production of, at most, 3 to 4 per cent of lower homologues of the 
true dibasic acid fragment (14). The identity of the dibasic acid obtained 
from the unknown was firmly established by comparison of its Rr value 
both with that of authentic glutaric acid and of the glutaric acid derived 
from arachidonic acid by identical procedures. 

That the new acid is not an intermediate in the metabolic conversion 
of linoleic to arachidonic acid seems probable in view of the absence of a 
double bond at position 14 (in a Ceo acid), a center of unsaturation in both 
linoleic and arachidonic acids. Its identity as a “hydroarachidonic”’ acid 
makes likely the supposition that it is a reduction product of arachidonic 
acid. If adequate amounts of the acid can be obtained, it will be of in- 
terest to test its activity as an essential fatty acid. It seems curious that 
the animal body, beset by a shortage of an essential metabolite, should 
further compound its difficulties by inactivating its available stores. 


SUMMARY 


An unsaturated fatty acid which accumulates in male fat-deficient rats 
has been shown to be 5,8,11-eicosatrienoic acid, which is presumably 4 
reduction product of arachidonic acid rather than an intermediate in the 
conversion of linoleic to arachidonic acid. 
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THE WHEAT LEAF PHOSPHATASES 
I. A SURVEY OF THE INHIBITORS AT pH 5.7* 


By D. W. A. ROBERTS 
(From the Science Service Laboratory, Lethbridge, Alberta, Canada) 


(Received for publication, August 22, 1955) 


In investigations of the metabolism of the leaves of winter wheats, it 
became desirable to study the changes in the quantities of phosphatase 
present during the cold hardening process. For these tests, a substrate 
was required that would be hydrolyzed by the so called unspecific acid 
phosphatase of the leaves. A survey of the literature revealed that £- 
glycerophosphate, phenyl phosphate, p-nitrophenyl phosphate, and phenol- 
phthalein phosphate would be suitable. Of these four compounds it is 
probable that only 6-glycerophosphate occurs naturally. A preliminary 
survey of the activity of juice expressed from wheat leaves towards these 
four compounds at pH 5.7 suggested that it contained a mixture of several 
phosphatases. It was decided, therefore, to study the phosphatase activity 
of this wheat leaf juice to define the substrate specificities of the phospha- 
tases present. 

In a review of the literature on the substrate specificity of phosphatases, 
Roche (1) lists the enzymes which might be expected to be present and 
attack one or more of the compounds used. These enzymes are phos- 
phomonoesterase type II (type III, if present, would probably be destroyed 


during the process used for the preparation of the juice for these experi- 


ments), pyrophosphatase type II, and 5-nucleotidase. More recently (2), 
a substrate-specific glucose-6-phosphatase has been separated from the 
phosphatase hydrolyzing glucose-1-phosphate and 8-glycerophosphate. It 
is claimed that the unspecific phosphatases of liver do not act on glucose-6- 
phosphate (3). However, other reports (4) suggest that the glucose-6- 
phosphatase of rat liver hydrolyzes several other substrates. A substrate- 
specific 3-nucleotidase has also been found in barley leaves (5). An 
enzyme has been found in potatoes which appears to hydrolyze fructose- 
6-phosphate preferentially (6). The data on the substrate specificities of 
these enzymes in higher plants are very meager. Some evidence indicates 
that the acid pyrophosphatase and phosphomonoesterase of higher plants 
are separate entities (7-9), whereas other authors have had difficulty in 
separating the two activities (10, 11), or appear to consider that the non- 
specific acid phosphatase splits both the pyrophosphate and ester linkages 


* Contribution No. 1483 from the Division of Botany and Plant Pathology, Science 
Service, Canada, Department of Agriculture, Ottawa, Ontario. 
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(12). It is generally supposed that acid phosphomonoesterase will hydro- 
lyze all the substrates under consideration, with the probable exception of 
pyrophosphate. ‘The existence of a few additional substrate-specific phos- 
phatases is to be anticipated. 

The present paper deals with a preliminary survey of the effect of in- 
hibitors on the liberation of orthophosphate from the substrates under 
test. For the present it is assumed that this liberation of phosphate in- 
dicates the activity of a phosphatase working on the substrate added and 
not on some transformation product of this substrate. For the sake of 
convenience, the phosphatase activities under test will be described as if 
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each compound was acted upon by a separate enzyme working only on - P®! 


that one compound. Thus reference will be made to phenylphosphatase, 
glycerophosphatase, pyrophosphatase, etc., as if they were distinct entities, 
The data so far accumulated in this laboratory suggest that the acid phos- 
phatase activity of wheat leaf press-juice is the result of the action of a 
mixture of isodynamic phosphatases' with quite narrow substrate speci- 


ficities. The existence of isodynamic phosphatases in leaves (13, 14) and 
roots (15) has already been demonstrated. 


EXPERIMENTAL 


For these experiments the leaves of young plants of Triticum aestivum | 


L. emend Thell. ssp. vulgare var. Kharkov M. ©, 22 were used. ‘The seed 
was sown very thickly in shallow flats in the greenhouse, ‘The plants were- 
cut about half an inch above the soil surface, and the complete top section 
was used, ‘The sample obtained in this manner during the early stages of 
growth is almost entirely leaf material, ‘To demonstrate phosphatase ac 
tivity towards some of the substances, it was necessary to use the tops of 
young plants harvested between 10 and 18 days after seeding. — In working 
with the other substrates, leaf material was used from plants 10 days to 
4 weeks after seeding. The harvested leaves were processed in a hand. 
operated vegetable juicer that works on the same principle as a meal 
grinder, This juice was used without further treatment. | 
With the exception of phenolphthalein phosphate, the substrates chosen 
for the survey are all commercially available compounds containing only 
one phosphate group. The compounds used are listed in Table I. The 
barium salts of the sugar phosphates were used, since they were hydrolyzed 
as satisfactorily as the ammonium salts. | 
The enzyme digests consisted of 3.0 ml. of 0.75 m citrate buffer at pil 
5.7, 0.5 mil. of leaf juice, the quantity of substrate listed in Table I, and, 
in those cases in which an inhibitor was added, sufficient inhibitor to give 


1 When two or more different phosphatases catalyze identical reactions, they at |} 
said to be isodynamic ((1) 478-479). 
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a final concentration of 2 KX 10°? m. A pH of 5.7 was chosen because it is 
approximately the pH optimum for both the glycerophosphatase and 
pyrophosphatase activities of the juice in citrate buffer. Samples of 1.0 
ml. each were removed from the digests initially and after 1 hour, and the 
enzyme activity was stopped by a 7 minute treatment in a boiling water 
bath. Whenever the phosphate was to be determined by the method of 
Waygood (16), 3 ml. of 1.0 m acetate buffer, pH 4.0, were added. The 
volume was then made to 25 ml., and the solution was filtered. The 
orthophosphate present in the samples was then determined in an aliquot 
of the filtrate by the method of Waygood, except that the quantity of 5 
per cent ammonium molybdate was increased to 1.0 ml. and the time for 


' eolor development was increased to 25 minutes. This change in method 


was made because wheat leaf juice in high concentrations was found to 
contain a factor inhibiting color development when low molybdate con- 
centrations were used. With these modifications, this method is reliable 
for phosphate samples containing at least 60 y of phosphorus. 

In some experiments modifications of this method of determining phos- 
phatase activity were necessary. ‘The dilution of 1:25 used in these tests 
together with the large amount of molybdate employed undoubtedly elim- 


inated interference in the phosphorus determination to be expected from 
fluoride, citrate (17), and oxalate,  Tlowever, the molybdenum blue method 
of phosphorus determination cannot be used in the presence of arsenate 


(18). Metavanadate may also be expected to cause interference by de. 
laying color development, Tn the presence of these compounds the molyb 
divanadophosphate method of Wilson and Cutter (19) was used, except 
that the quantity of molybdate employed was inereased to 3 ml. of a 5 
percent solution of ammonium molybdate. This method has only about 
one-third the sensitivity of the molybdenum blue method used. Since 
nboflavin absorbs light strongly at 420 my, the molybdivanadophosphate 
method cannot be used for phosphate determination in the presence of 
nboflavin or its phosphate. 

In the interpretation of the results (Table 1), the phosphate liberated in 
the digest with the inhibitor was calculated as a percentage of that liberated 
in the control digest without the inhibitor. Control digests were run with 
each group of inhibitors tested on each substrate since the experiments were 
carried out at room temperature. Whenever the first test with an inhibi- 


| for gave negative results on all the substrates, no further tests were made 


with that inhibitor. When, however, a substance caused inhibition or 
activation of the hydrolysis of any one of the substrates, this substance 
Was tested a second time with all the substrates. Where the second test 
did not confirm the results of the first one, the test was repeated until a 
reasonably certain classification could be made. When the results of these 
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tests were erratic or bordered between two categories, as many as six 
determinations were made, and the effect of the inhibitor was arbitrarily 
classified in accordance with the average value of these determinations, 


In some cases it appears as if partial inhibitions and erratic results are 
the results of two or perhaps more isodynamic enzymes with different . 
inhibitors and activators. Since the enzyme content of wheat leaves is 
known to change greatly with age (20), then the proportions of the two 
enzymes present in the different preparations may differ. It is also possi- 
ble that diurnal variations may occur in the phosphatases of wheat leaves, 
as shown by Ehrenberg (21) for Kalanchoe blossfeldiana. 

In addition to the substrates listed in Table I, the two adenylic acid : 
isomers (adenylic acid a or adenosine-2’-phosphate, and adenylic acid } | 
or adenosine-3’-phosphate (22—24)) obtained from the Schwarz Labora- 
tories, Inc., were used for special tests. Inhibition tests were run on the 
same juice preparations with these two isomers and on yeast adenylic acid 
for the three inhibitors found to affect yeast adenylic acid. These com- 
pounds are sodium fluoride, ammonium molybdate, and sodium arsenate. 

In considering the results of the hydrolysis of cytidylic, uridylic, and 
guanylic acids, it must be remembered that commercially available prep- 
arations were used and no checks have been made on the purity of these | 
preparations. It is probable that the uridylic and cytidylic acid prepara- 
tions are mostly the b isomers (25), but the work of Deutsch, Zuckerman, 
and Dunn (26) suggests that the guanylic acid preparation may contain 
a number of impurities. 


Results 


In the crude juice preparations at pH 5.7 no inhibition or activation of 
the phosphatase activity was observed in the presence of 2% 10>? mM con 
centrations of any of the following: calcium nitrate, cobaltous sulfate, cop 
per sulfate, manganese sulfate, nickelous nitrate, zine sulfate, bore acid, 
perstiifate, alanine, potas phthalate, momtol, nerd, ascot 
barbital, alloxan, and acid Activation ot 
Whobition of phosphatase activity at pl and a concentration of x 
10? wae found with aluminum chloride, berylliim nitrate, ferrous sul 
fate, magnesium sulfate, sodiim arsenate, 
molybdate, ammonium metavanadate, and oxalie acid (Table 1). 

In Table | there is a column headed “Enzyme Now’ Any two or more 
substrates with the same reactions towards the inhibitors used in these 
experiments have the same enzyme number. Whenever two substrates! 
have different enzyme numbers in Table I, it means that there is at least 
a small difference in the behavior of the hydrolytic activity towards the 
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different inhibitors tested. On the basis of these experiments the hypoth- 
esis proposed is that hydrolyses catalyzed by enzymes assigned different 
numbers in Table I are catalyzed by enzymes or groups of enzymes that 
are really different entities, at least in part. 


TaBLe 
Effects of Various Inhibitors on Wheat Leaf Phosphatases Acting on Various Substrates 
at pH 5.7 
32 Inhibitors, 2 K 107? 
Substrate = 
meg days 
Adenosine-5-phosphorie acid... ... 20 10-28) 
Phenolphthalein phosphate, Na 
Fructose-6-phosphate, Ba salt.... 20 |10-18) olo 
Phenyl disodium phosphate....... 50 110-28 
Sodium pyrophosphate........... 50 110-28) 4/i itpio 
Ribose-5-phosphate, Ba salt.......| 20 10-18 pi 
Phosphoglyceric acid, Ba salt... 40 10-18 
Sodium §-glycerophosphate 10-28, 
Cyti@yite acid... ..| 20 110-28) i jojo 
Glucose-6-phosphate, Ba salt..... 20 10-18) S/i 
Glucose-l- phosphate, K salt 40 10-18) 10 |} | pi plole 
Yeust adenylie acid 20 10-28) Il pl plole 
pNitrophenyl phosphate, diso 


baperimental conditions: of O75 citrate batter, 7,05 mit of wheat 
leat juice 

Sytibols to per cent control wetivity, bo SO per cent control ae 
tivity, i, less than per cent control activity, a, greater than per cent control 

"Toran explanation of the enzyme eee the 

| These quantities were teed ae eines they are not soluble 


Since the two isomers of yeast adenyle acid are commercially available 
(Schwarz Laboratories), a test was made on their hydrolyses at pIL 5.7 to 
find out whether, under the conditions of these experiments, there is evi- 
dence for the existence of a specific adenosine-3/-nucleotidase and a specific 
adenosine-2’-nucleotidase in wheat leaves. The results of these tests are 
summarized in Table II. In all cases the hydrolysis of adenosine-2’-phos- 
phate is inhibited more than the hydrolysis of adenosine-3’-phosphate. 
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This may be caused by lower affinity of the enzyme for adenosine-2’-phos- | to 
phate than for adenosine-3’-phosphate. In general, it was noticed that | of 
only about one-third as much phosphate was liberated within the hour | ad 
from the a isomer as from the b isomer. This suggests that the affinity | A! 
of the enzyme may be lower for the a than for the b isomer. The experi- | PO 


mental evidence is not at all conclusive regarding the substrate specificity Sel 
of the phosphatase acting on adenosine-2’-phosphate and adenosine-3’- _ th 
phosphate. Other experiments carried out in this laboratory suggest that ty} 
the enzyme under consideration here is distinct from the specific 3’-nucleo- | 


tidase which has been previously reported to occur in wheat leaves (5). _ the 
| 
TABLE II the 
Effect of Inhibitors on Hydrolysis of Commercial Yeast Adenylic Acid and Adenylic | pot 
Acids a and b by Phosphatase at pH 5.7 ¢ 
Per cent inhibition har 
Substrate Experiment No. sub 
NaF NasAsOy 
It 1 
Yeast adenylic acid............ 1 22 29 42 ove 
2 36 42 40 sub 
Adenylic acid a................ 1 80 72 85 whe 
2 72 74 100 
vidi 
1 24 26 23 T 
2 33 37 34 
cruc 


Enzyme digests: 0.5 ml. of wheat leaf juice; 3.0 ml. of 0.75 m citrate buffer, pH inhi 


5.7; 20 mg. of adenylic acid plus 2 X 10°? Minhibitor. Incubated for1 hour at room. tiya 
temperature at the same time as the controls. - 
DISCUSSION 
The results of these experiments suggest that the substrate specificities} to fi 
of the phosphomonoesterases of type IT may be much narrower than sup} to d 
posed formerly. It appears that the acid phosphatase of leaves may be a 
complex of closely related enzymes. 5/-nucleotidase, which ap- 
pears to act on both adenosine-5’-phosphate and phenolphthalei phos} 4 
phate, these phosphatases are all inhibited to some extent by fhiorde) phat 
arsenate, and molybdate (1), subst 
ln the interpretation of data of thin type the limitations of these methods 
be remembered, Some of the limitations stem from differences ged 
compoaliion of the erude juice, differenced in the affinity of the enzyme 
for the different substrates, pomuability of multipherty of enazyoies, and the 
presence of aetivatora in the crude puree preparations, 
Unfortunately it has not been possible to use leaf juice from plants) 
the same age grown under standardized artificial conditions, Conse> 2 py 
quently differences in the composition of the erude juice preparations ar | 
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to be expected. These differences may cause discrepancies in the results : 
of the inhibition experiments. Compounds in the juice may react with or 
adsorb the added inhibitor and thus reduce its effective concentration. 
Another possibility is that the added inhibitor may react with some com- 


' pound in the juice to produce the substance which actually causes the ob- 


served inhibition. Some of the variability which has been encountered in 
these experiments is doubtless due to variations in the magnitude of these 
types of effect. 

In the case of an enzyme acting on two or more substrates, it is likely 
that the affinity of the enzyme for the two substrates will differ, and con- 
sequently the percentage inhibition by a given inhibitor may depend on 
the substrate being hydrolyzed. This could account for the differences 
noted in Table II and also some of the differences in Table I. 

Since two isodynamic phosphatases acting on p-nitrophenyl phosphate 
have been found in spinach leaves (13), it is possible that some of these 
substrates are hydrolyzed by more than one acid phosphatase at pH 5.7. 
It is therefore possible that there are only a few acid phosphatases with 
overlapping substrate specificities and different affinities for the different 
substrates. This possibility makes it difficult to interpret inhibition data 
when no accurate information is available on the properties of the indi- 
vidual enzymes involved. 

The status of the information to be gained from activator studies with 


_ crude juice preparations is much less satisfactory than that gained from 
- inhibition studies. Crude preparations often contain the necessary ac- 


tivators in sufficiently high concentration to produce 100 per cent activity. 

In spite of the limitations of the experiments described in this paper, it 
appears that the acid phosphatase activity of wheat leaf juice may be due 
toa mixture of several enzymes. A study is in progress in this laboratory 
to find out more about the properties of this enzyme complex and to try 
to define the substrate specificities of the members of the complex. 


SUMMARY 


A preliminary survey has been made of the inhibition of the acid phos- 
Phatases acting at pil 5.7 in wheat leaf press-juice, In this study sixteen 
substrates and twenty-eight inhibitors have been used, ‘The inportant 
hibition are summarized in Tablet ‘These data suggest that the 
hod activity of wheat loaves in caused by a group of several 
hatinet enzymes with quite narrow substrate specificities, 
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TRANSFER OF OXYGEN IN THE GLUTAMINE 
SYNTHETASE REACTION* 


By ARTHUR KOWALSKY, C. WYTTENBACH, L. LANGER, anp 
D. E. KOSHLAND, Jr. 


(From the Department of Biology, Brookhaven National Laboratory, 
Upton, New York) 


(Received for publication, June 21, 1955) 


The condensation of a carboxylic acid with alcohols, amides, and mer- 


' eaptans under physiological conditions usually requires an external source 


of energy. In most systems the external source has been shown to reside 
in the apparent hydrolysis of adenosine triphosphate (ATP), but the de- 
tailed way in which the energy is made available for the condensation is 
obscure. In the action of glutamine synthetase (3-6), for example, it is 
clear that the equation for the reaction (Equation 1) can be represented as 


O O 
(1) 
RC—O- + NH,*t + ATP-* — RC—NH, + ADP-? + HOPO;7? 


a sum of two reactions, the hydrolysis of ATP to adenosine diphosphate 
(ADP) and inorganic phosphate (P;) (the exergonic part of the reaction) 
and the condensation of glutamic acid and ammonia to form glutamine 
(the endergonic part of the reaction). A similar situation exists in other 
systems in which ATP acts as energy source for a carboxyl condensation 
(7-9). Since, in chemical systems, transfer of energy between such coupled 
reactions occurs by way of common intermediates, the first step in the 
elucidation of this problem involves the identification of the types of inter- 
mediates involved. 

The system studied in this work was the glutamine synthetase reaction, 
and the approach used was the determination of the disposition of the dis- 
placed carboxyl oxygen atom after reaction with O'8-labeled glutamic acid. 


EXPERIMENTAL 


Materials—Adenosine triphosphate, disodium salt. (Pabst), was chroma- 
tographed according to the method of Cohn and Carter (10) and shown to 
have the following composition: 1.70 mmoles of ATP, 0.12 mmole of ADP, 
and 0.06 mmole of Py per gm. of material. O"-labeled water (Stuart 
Oxygen Company) had an atom per cent excess of O" of about 1.4. 

* A preliminary report of this work has been published (1), Similar results have 


heen reported by Boyer etal, (2), Research wan carried out at Brookhaven National 
laboratory under the auspices of the United States Atomic Energy Comminnsion, 
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Preparations—The enzyme was isolated from dried peas (6). Two prep- | }y 
arations designated as A and B were used. Preparation A was carried | aq; 
through the protamine sulfate precipitation. The supernatant solution | m 
from this treatment was dialyzed and then lyophilized. Preparation B | at 
was carried through the dialysis step after the second ammonium sulfate di 
precipitation. The dialysate was used as such. Both preparations were 
stored at —20° when not in use. The adenosinetriphosphatase (ATPase) js 
activity of both preparations in the presence of hydroxylamine was in- gh 
vestigated and found to be negligible in comparison with the rate of forma- _ 
tion of glutamylhydroxamic acid under the same conditions. ' Gl 

For the preparation of O'8-labeled glutamic acid, a solution of 20 mmoles | 13 
of t-glutamic acid in 15 ml. of 2 N HCl in HO" was heated in a sealed tube of 
at 100° for 6 to 8 hours. The solution was lyophilized, and the solid glu- my 
tamic acid hydrochloride was taken up in 10 ml. of H,O'*. Sodium hy. | 
droxide (3.5 M) was added to bring the pH to 3. The mixture was cooled 
and filtered, and the solid was washed with alcohol and ether and dried in 
a vacuum at 100°. The isotope content of the HCIl-H,O" mixture before 
addition of glutamic acid was 1.18 atom per cent excess. The final ob- 
served atom per cent excess of the medium after equilibration was 1.07. 
The calculated value from the known molar quantities of medium and 
glutamic acid assuming equilibration of all four carboxy! oxygens was 1.07, — 
showing that HO'0'%C—CH.—CH:—CHN H,—CO"O#H had been 
pared. 

Analytical Procedures—Analyses for inorganic phosphate were cinta | 
out by the method of Fiske and Subbarow (11) or by a modification (12, } 

13). Glutamylhydroxamic acid was determined by the method of 7 
mann and Tuttle (14). cou 

O'8 was assayed as CO, in the mass spectrometer. The O content of was 
inorganic phosphate in the form of KH,PO, was determined by pyrolysis to | phe 
KPO; and H,O, the resulting H.O being equilibrated with normal dry car- jn ; 
bon dioxide according to the method of Cohn (15). The O' content of | the 
the ADP was determined by hydrolysis to inorganic phosphate as de! agjq 
scribed below. Control runs showed no exchange of oxygen between phos-' oye; 
phate and water during hydrolysis. T 

The isotope content of the glutamic acid was determined by either of! disg, 
two methods. The first method utilized the dehydration of the acid pha 
to the lactam, 2-ketopyrrolidine-5-carboxylic acid (16), the water formed? A » 
being collected and equilibrated with carbon dioxide. The glutamic acid of 1 
was placed in pyrolysis tube A of Fig. 1. After evacuation and admis} drop 
sion of a known amount of carbon dioxide in tube B, the side arm A was 
heated to 170° for 1 hour. The temperature was then lowered to 150 
and maintained at this point for 3 hours. After completion of the reaction, Th 
the carbon dioxide and water were condensed in chamber B and equili | eithe 
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brated as previously described. The second method was that of Doering 
and Dorfman (17), which is based on the Schiitze method for the deter- 
mination of oxygen (18). In this method the sample is pyrolyzed in an 
atmosphere of nitrogen to a mixture of water, carbon monoxide, and carbon 


, dioxide. These gases are passed over a bed of carbon at 1120°, which 


converts them quantitatively to carbon monoxide. The carbon monoxide 
is oxidized by iodine pentoxide at 119° to carbon dioxide. Samples of 
glutamic acid of 10 mg. were analyzed in this manner. 

Formation of Glutamylhydroxamic Acid and Glutamine from O'’-Labeled 
Glutamic Acid—The reaction mixture (total volume, 100 ml.) consisted of 


. 13 mmoles of tris(hydroxymethyl)aminomethane buffer, pH 7.8, 3.2 mmoles 
of Mgt*, 3.4 mmoles of cysteine, 3.3 mmoles of glutamic acid-O", 1.0 
| mmole of ATP, 3.4 mmoles of hydroxylamine or ammonium chloride, and 
| enough enzyme to insure complete utilization of the ATP during the 


JA 


B 
Fia. 1. O'8 analysis chamber 


— course of the incubation. After incubation for 1 hour at 37°, the mixture 


was cooled quickly to 0°, and aliquots were removed for O%, inorganic 
phosphate, and hydroxamic acid analyses. Barium chloride was added 
in amounts just sufficient to precipitate both the inorganic phosphate and 
the adenine nucleotides. After centrifugation of the precipitate, glutamic 
acid was crystallized from the supernatant fluid and dried in a vacuum 
over phosphorus pentoxide. 

The barium salt of the ADP together with the barium phosphate was 
dissolved in a minimal amount of 0.2 n HCl. The nucleotide and phos- 
phate were separated on Norit by the method of Crane and Lipmann (19). 
A mixture of the Norit containing the adenosine diphosphate and 35 ml. 
of 1 n HCl was boiled for 15 minutes and then filtered. Potassium dihy- 
drogen phosphate was isolated from the filtrate. 


RESULTS AND DISCUSSION 


The results of the reaction of O'%-labeled glutamic acid with ATP and 
either hydroxylamine or ammonium chloride are shown in Table I. 
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A comparison of the values obtained for the runs of both ammonia and 
hydroxylamine shows a close correspondence, which indicates that the 
course of the reaction is similar for both ammonia and hydroxylamine. 

The agreement between the isotope content of the glutamic acid used 


and the glutamic acid recovered indicates that no exchange of the carboxyl . 


oxygen atoms occurred during the course of the reaction. The O' content 
of the liberated ADP in all cases studied was very small or negligible. 


However, the inorganic phosphate contained labeled oxygen in amounts © 


corresponding to approximately one-fourth that of the glutamic acid used. 
The rather large value of 0.31 in Experiment 3 probably arises from the 


fact that in this run the amount of inorganic phosphate recovered was very , 
small. These results show that a stoichiometric transfer of oxygen occurs | 


from the carboxy] group of glutamic acid to the terminal phosphate group 
of the ATP without the mediation of the solvent (see Equation 2, in which 
Ad represents the adenosine moiety). 


OO O 

| 


OO O 
O O 


| 4 
RC—NI + + H208PO;- 
| 
00 | 


One mechanism may be excluded immediately on the basis of these data: 


v.e., an indirect activation of the carboxyl group via the protein chain. — 
Such a mechanism, shown schematically in Equations 3 and 4 with E - 
representing the excited form of the enzyme, would yield unlabeled phos- | 


EH + H.O + ATP > E’H + ADP + P, (3) | 


O 
(4) | 


+ RCO.H RC—E + 


phate and is therefore excluded by the O'* results. The same conclusion | 
holds for any other mechanism in which the oxygen of the medium is in- | 
volved in a hydrolysis of the ATP. 

A second type of mechanism is also excluded; 7.e., an initial rapid reaction 
of the enzyme with the glutamic acid to yield a glutamyl enzyme (Equa- 
tion 5). 


() 


Glut—COOH + EH = Glut—C—E + HOH 
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nd | Such a reaction should cause an exchange of oxygen between the water of 
the | the medium and the glutamic acid and is excluded by the observation that 
the recovered glutamic acid retained its original O' content. 

sed It remains to be considered what alternatives are available. Clearly 
xvl_. the cleavage in the ATP part of the reaction occurs between the terminal 
ent phosphorus and its bridge oxygen, as in the case of hydrolysis by muscle 
ble. proteins (20) and a-ketoglutarate activation (21). The carboxyl oxygen 
ints sof the glutamic acid is transferred solely through covalently bonded com- 
sed. pounds which undergo no ready exchange with the medium. Since car- 
the —_ boxy] anions are known as active nucleophilic reagents in organic reactions, 
ery . and since displacement mechanisms are certainly compatible with many 
‘urs of the observed phenomena in transfer and hydrolytic reactions (22), it is 
oup plausible to consider mechanisms which include both of these theoretical 
ich | assumptions. These are a direct attack on ATP to give glutamy] phos- 


O1 O18 O O 
| 
Glut—C—O#H + ATP — Glut—C—O# P OPO;PO;Ad — 
O 
(2) 


(6) 
Glut—C—O®PO; + ADP 


NH; 
lata: QO. 
Vain: 
Glut—C—NH: + HO®PO; 


hos: phate (Equation 6) and a nucleophilic attack on a phosphorylated enzyme 
3 to give a glutamyl enzyme (Equation 7). 


EOH + ATP — E—OPO; + ADP 


| 

| 


ction Ors QO. 
qua: | 


| 
Glut—C—NH, + EO"H Giut—c—os—e + HOPO, 


In the latter mechanism, the initial inorganic phosphate would be unla- 
beled, but, since the enzyme is present only in small amounts relative to the 
substrates, this amount would be undetectable. Subsequent reactions would 


| 
(4) 
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produce labeled phosphate. (This could serve as a way of distinguishing 
between the mechanisms when substrate amounts of enzyme are available), 

Difficulties exist with both these mechanisms in their simplest form. — In 
relation to the first mechanism, glutamyl phosphate has not been found 
(4,5). In relation to the second, a similar scheme was originally proposed 
by Webster and Varner on the basis of the exchange of KH,P”O, with ATP 


in the presence of glutamate (23). 
traces of ammonia were required for this exchange (24) and this, combined 


with other exchange and transferase studies (24-26), indicates that the _ 


TABLE I 


O'8 Content of Compounds Isolated in Glutamine Synthetase Reaction with 
Glutamic Acid-O'8 
Conditions: 37°, 0.032 m Mg**, 0.034 m cysteine, 0.033 m glutamic acid-O'8, 0.010 
M ATP, 0.034 m NH; or NH.OH, and 0.13 m tris(hydroxymethyl)aminomethane, pH 


7.8. 


Observed atom per cent excess of O'8 per atom of oxygen 
Experiment No. Acceptor 
Glutamic acid | Glutamic acid Inorganic ADP 
isolated phosphate 

NH,OH 0.97T 0.22 0.01 

2t 1.08$§ 1.04§ 
1.01f 0).24 0.06 

3f NH; 1.08§ 1.04§ 
| 1.067 0.31 0.03 


* Enzyme Preparation A. 
t Analyzed by dehydration to 2-ketopyrrolidine-5-carboxylie acid. 


t Enzyme Preparation B. 
§ Analyzed by reduction to CO. These values are corrected for a slight blank 


which lowers the 0'8:0'* ratio. 


original simple sequence of stable covalently bonded intermediates did not 
occur. These objections would apply equally to the simplest interpreta- 
tion of Equation 7. The latter does show that the O results can be 
rationalized by a series of displacement reactions which do not involve 
formation of glutamyl phosphate, provided that the active group on the 
enzyme contains displaceable oxygen. The detailed workings of the en- 
zyme are, therefore, still unexplained, but the present data indicate the 


presence of a phosphorylated rather than an adenosine-diphosphorylated 


intermediate. 


SUMMARY 


1. O8-labeled glutamic acid has been prepared and incubated with glv- 
tamine synthetase, ATP, and ammonia or hydroxylamine in an H,0" 


Subsequent work demonstrated that 
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ing medium, ‘The ADP formed contained no labeled oxygen, while the inor- 
le). ganic phosphate contained O' in amounts corresponding to a stoichio- 
I, | metric transfer of oxygen from the glutamic acid to the terminal phosphate 
ind | of the ATP. 
aed 2. The isotopic data show that a phosphorylated intermediate is formed 
yp in which the oxygen is covalently bound, and that the medium oxygen is 
hat not involved in the energy transfer. 
oy _ The authors wish to thank Dr. Varner and Dr. Webster for allowing 
- them to see an unpublished manuscript, and Dr. L. Friedman and Mr. 
John Densieski for aid in the measurements of the mass spectra. 
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ON THE MECHANISM OF DEHYDROGENATION OF FATTY 
ACYL DERIVATIVES OF COENZYME A 


Il. PALMITYL COA DEHYDROGENASE 


By JENS G. HAUGE,*® F. L. CRANE,*® ano HELMUT BEINERT 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, August 29, 1955) 


2 years ago Green ef al. (1) described a fatty acyl CoA! dehydrogenase 
which is specific for substrates of short carbon chain. This enzyme was 
therefore called butyryl CoA dehydrogenase (G). Paper I of this series (2) 
has dealt with a similar dehydrogenase of less restricted specificity (Y), 
which is able to act on all fatty acyl derivatives of CoA from C, to Cig. 
This paper describes the purification and properties of a third flavoprotein 
of this class (Y’) which is most active in the dehydrogenation of CoA deriv- 
atives containing a fatty acyl residue of long carbon chain. Although the 
enzyme has its peak of activity with lauryl CoA, it will be called palmityl 
- CoA dehydrogenase to emphasize its function in the oxidation of long chain 
_ fatty acyl derivatives of CoA. 

In Paper II of this series (3) an electron-transferring flavoprotein (ETF) 
was described which is an obligatory electron carrier in the catalytic turn- 
over of G and Y with most electron acceptors. The new palmity]l CoA 
dehydrogenase likewise requires ETF in order to be catalytically active 
with acceptors. Kinetic studies with Y’ will be reported in a subsequent 
publication. 


EXPERIMENTAL 
Methods 


The experimental procedures were those reported in Papers I and II 
(2,3). The assay methods were also described there and their specificity, 
when applied to mixtures of the three dehydrogenases, G, Y, and Y’, was 
discussed. 

Initial Observations on Y’ 

During the purification of Y from pig liver an undue loss of units was 

observed in the ethanol fractionation in the presence of 0.001 m Zn** ions 


* Postdoctoral Trainee of the National Heart Institute, National Institutes of 
Health. 

' The following abbreviations are used: coenzyme A, CoA; flavin adenine dinucleo- 
tide, FAD; tris(hydroxymethyl)aminomethane, Tris. For G, Y, Y’, and ETF see 
the introduction. 
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(2) when palmityl CoA was used as substrate. Two peaks of specific ac- 
tivity were then found in this fractionation step. One occurred with the 
initial red fraction which is precipitated on addition of Zn** ions alone and 
which has usually been discarded, and a second peak occurred with the 
fraction of 18 to 23 per cent ethanol concentration. 
CoA as substrate showed no activity whatsoever in the initial precipitate 
obtained with Znt* ions. The clear fractionation of the two activities 
with Zn** ions and ethanol was therefore utilized for the separation of Y 
and Y’ on a preparative scale. G follows Y in this procedure. Y’, how- 
ever, remains closely associated with hemoproteins which are likewise 
precipitated with Znt* ions. 
from these proteins by zone electrophoresis on starch. Y’ is precipitated 
at a somewhat higher concentration of ammonium sulfate than is Y. 
Fractions obtained between 55 and 75 per cent ammonium sulfate contain 
both Y and Y’, but Y is enriched in the 55 to 60 per cent and Y’ in the 
65 to 75 per cent subfraction. The following purification procedure was 
devised according to this behavior of Y’. 
Purification 

Y’ is prepared simultaneously with Y and G from one and the same 
batch of acetone powder of pig liver mitochondria. ‘The procedure is 
outlined in Table 1. The extraction and first ammonium sulfate fractiona- 
tion steps are the same as those described previously (2). From this point 
one proceeds with the fraction of 65 to 75 per cent saturation with respect 
to ammonium sulfate for the purification of Y’. This fraction (about 60 
ml. containing 60 mg. of protein per ml.) is dialyzed overnight against 
0.02 m Tris acetate of pH 7.2. The dialyzed material (about 25 mg. of 
protein per ml.) is then subjected to the same heat treatment as outlined 
for Y (2). The clear supernatant liquid from the heat step (about 15 mg. 
of protein per ml.) is fractionated with ammonium sulfate without adjust- 
ment of pH into three fractions of 60, 65, and 70 per cent saturation, respec- 
tively. The precipitated protein is taken up in a small volume of 0.02 ™ 
Tris acetate, pH 7.2. The fraction obtained between 60 and 70 per cent 
saturation (about 10 ml. containing 80 mg. of protein per ml.) is dialyzed 
against the same buffer for several hours. The protein concentration i 
then adjusted to 25 to 30 mg. per ml. and the solution is subjected tos 
fractionation with Zn** ions analogous to that described previously (2). 
The precipitate is sedimented at high speed. The supernatant liquid, 
which is still orange in color, is once more treated with zine lactate 4 
above.2. The two precipitates are dissolved in 0.4 M citrate of pH 7.4 and 


2 If only Y’ is to be prepared, further fractionation of the supernatant liquid wit 
ethanol is of course unnecessary. A fair amount of Y and G can be recovered by 


further precipitation with ethanol. 


Assays with butyryl — 


Y’ could only be satisfactorily separated ° 
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are assayed for enzymatic activity. Both precipitates are used for fur- 
ther purification, when they are of approximately the same specific ac- 
tivity. In some cases only the material obtained in the first precipitate is 
suitable. The chosen material is dialyzed for 2 hours against 0.02 m Tris 
acetate, pH 7.2, containing Versene at a concentration of 0.001 um. The 
protein is then concentrated by precipitation with ammonium sulfate at 
80 per cent saturation. The resulting precipitate is dissolved in the small- 
est volume possible of 0.02 m Tris acetate of pH 8.1 and is dialyzed against 


TABLE I 


Specific activity* Units* Recovery 
bractionation step Protein 
Cw? | (4 Cw 
me 


per cont) per cont 
Extraction of 300 gm. acetone | | | | | 

powder of pig liver mitochon. | | | 
15,000) TO S00) 100 


dria 66,000 | 
Ammonium sulfate, 65 75% 2.0 | 1.3 | 8,000) 5,200 17 S$ 26.24 
Heating at 57° 1,770 | 2.0 | 2.7 | 3,520 | 4,780 | 7.8 | 24.2 
Ammonium sulfate, 60-70% | 70S | 1.8 | 3.7 | 1,280 | 2,620 | 2.8 13.2 
0.001 | 0 |17.2| 1,200; o | 6.1 
Zone electrophoresis... . | | | 45 | | 2.5 


* Specific activity and units with indophenol as acceptor and in the presence of 
an excess of E-TF as defined previously (2). 

t Assaved with butyryl CoA and palmityl CoA as substrate, respectively. 

t It should be pointed out that the 100 per cent figures for the extract include the 
activities exhibited by G, Y, and Y’. This situation was more thoroughly ex- 
plained in the analogous Table I of Paper I which describes the purification of 
Y (2). The same extract of acetone powder was used for the purification of Y de- 
scribed in Paper I as was employed for the purification of Y’ reported in the present 
paper. The two tables together give, therefore, a quantitative picture of the process 
of separation of G, Y, and Y’. 


0.1 m Tris acetate of pH 8.1 for 4 hours with internal stirring. The dialyzed 
solution is placed on a starch column and subjected to electrophoresis as 
described previously for Y (2). Initially the material forms a band of deep 
red color. As electrophoresis proceeds, however, Y’ moves down the 
column (about 7 em. from the origin in 18 hours) as a distinctly yellow 
band, whereas the red proteins. which also show strong absorption in the 
Soret region, are mainly concentrated in the buffer above the starch col- 
umn. Elution of Y’ and further treatment are the same as those described 
for Y (2). 

An alternative way to prepare Y’ consists in proceeding with the Zn*+ 
precipitate which is obtained in the regular preparative procedure for Y 
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(2). This precipitate is taken up in 0.4 M citrate, pH 7.4, and dialyzed 
against 9.02 mM Tris acetate, pH 7.2, containing 0.001 mM Versene. ‘The 
solution, containing about 15 mg. per ml., is fractionated with ammonium 
sulfate. Y’ is precipitated between 60 and 80 per cent saturation and may 
then be subjected to zone electrophoresis. 


Fic. 1. Schlieren diagram of Y’ from pig liver obtained in a Spinco model H elec- 
trophoresis unit. 18 mg. of protein were used in 0.2 m Tris acetate, pH 8.1, in the 
micro cell of the apparatus. 1, ascending limb (anode); D, descending limb. — Pie- 
tures taken at 0 (a), 125 (6), and 284 (¢) minutes, 


Fig. 2. Sehlieren diagram of Y’ from pig liver in a Spinco model analytical 
ultracentrifuge (mean temperature, 7.3°; rotor speed, 59,780 rop.m.; buffer, 0.05 
potassium phosphate, pil 7.0; initial protein concentration, 2.8 mg. per ml.).  Pie- 
tures taken at 6 (a), 22 (hb), 38 54 (dd), and 70 minutes after full speed was 
reached. 


Properties 

Purity After zone electrophoresis Y’ is free of Y, G, ETE, and the 
other enzymes of the fatty acid cycle and of glutathione thioesterase. A 
preparation of Y’ was examined during boundary electrophoresis in 0.2 M 
Tris acetate of pH 8.2. Only one boundary was seen which migrated to- 
wards the anode, and this boundary showed only very slight asymmetry 
after 4 hours (Fig. 1). An analogous preparation was studied in the 
analytical ultracentrifuge (Fig. 2). Only one peak was observed under 
these conditions and this peak was symmetrical. The sedimentation co- 
efficient calculated from this experiment and corrected* to water at 20° 
WAS 8o,¢ = 8.74 + 0.1 8. This value applies for the protein concentra- 


>The formula = Sexperimental  Nexperimental/ 220.0. Was applied for this corree- 
tion. 
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tion used in the experiment (initial concentration of 2.8 mg. per ml., ef. 
legend to Fig. 2) and was not extrapolated to zero protein concentration. 
An evaluation analogous to that reported previously (2) indicates a minimal 
molecular weight of 140,000 and a probable molecular weight of about 
200,000. 

Absorption Spectrum—The absorption spectrum of Y’, which is shown in 
Fig. 3, is that of a flavoprotein and is very similar to that of Y. There are 
a few features which distinguish Y’ from Y as obtained by the methods 
used. Y’ has a lower ratio of the ultraviolet maximum at 275 mu to the 
flavoprotein maximum at 442 mu. The ratio of 42 is 


2.000 


| 


OPTICAL DENSITY 


300. 400. 500. 600 700 


hia. 3. Absorption spectrum of Y’ from pig liver. 152 y of protein (specific 
activity = 45) were dissolved in 0.140 ml. of 0.036 Mm phosphate of pll 7.0. Solid line, 
oxidized form; dash line, reduced with 0.025 wmole of palmityl CoA; dotted line, 
dithionite added after palmityl CoA. No correction was made for a small contribu- 
tion of palmityl CoA to the absorbance below 320 mu. 


8.1:0.5:0.74:1.0. There is a distinct shoulder in the Soret region. This 
is not surprising, as Y’ is accompanied by hemoproteins until separated 
by zone electrophoresis. The observed shoulder is therefore most likely 
due to some remaining contamination by hemoproteins. Y’ shows the 
characteristic broad band between 500 and 650 my on reduction with sub- 
strate. ‘The band appears under the same conditions as has been observed 
in the case of Y. This phenomenon has been briefly discussed in the de- 
scription of properties of Y (2) and more extensively at a recent symposium 
(4). 

Flavin Component—The riboflavin content of Y’ with a value of 8.1 for 
E75/Es42 was found to be 0.42 + 0.02 per cent. This corresponds to a 
minimal molecular weight of 85,000 to 95,000. Since a probable molecular 
weight of 200,000 was indicated by the sedimentation coefficient, it is likely 
that Y’ has a molecular weight of about 200,000 and contains 2 moles of 
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flavin per mole of enzyme. Paper chromatography carried out as de- 
scribed before (2) showed that the flavin of Y’ exhibits the same Ry values 
as FAD and is inseparable from FAD. The flavin released from Y’ by 
acid was also tested with p-amino acid apooxidase and was found to have 
a dissociation constant of 2.1 X 10-7 mM (+5 per cent) as compared to 1.9 x 
10-7 m (+10 per cent) found for pure FAD under the same conditions. 

Tron Content—A preparation of Y’ of the highest purity obtained was 
analyzed for iron. Less than 1 atom of iron for every 10 molecules of 
flavin was present. No significant metal content was indicated by arc 
spectroscopy. | 

Substrate Specificity—Y’ is readily bleached by fatty acyl derivatives of 
CoA from Cs, to Cis. It is partially bleached by butyryl CoA, although it 
shows no significant rate with this substrate in the presence of ETF in the 
“catalytic assay.”’ Bleaching with butyryl CoA is, however, very slow 
and there is only an indication of the band at 500 to 650 mu, the appear- 
ance of which is a characteristic corollary of the bleaching of Y and Y’ 
with substrates of high affinity. 

Y’ is completely inactive in the ‘catalytic assay” with indophenol as 
acceptor unless ETF is present. This phenomenon has been discussed in 
a previous publication (3). When supplemented with ETF, Y’ displays 
its highest catalytic activity with lauryl CoA, the rates with palmity] 
CoA and octanoy! CoA being 70 and 80 per cent, respectively, of that with 
lauryl CoA. It is evident from the extrapolation of a plot of specific ac- 
tivity versus length of carbon chain of the substrate (5) that Y’ will still 
attack substrates of 18 and 20 carbons at a reasonable rate. This is in 
contrast to the situation with Y, where extrapolation would not predict 


any activity with substrates of more than 16 carbon atoms. It is probably | 


in the oxidation of these substrates of carbon chains beyond Cis that the 
physiological significance of Y’ lies. 


Product of Dehydrogenation 


The product of dehydrogenation of octanoyl] CoA by indophenol, cata- 
lyzed by Y’ and ETF, was characterized by its availability as a substrate 
for the remaining enzymes of the fatty acid cycle. The procedures have 
been described previously (2). 0.096 umole of octanoyl CoA was oxidized 


and 0.085 umole of diphosphopyridine nucleotide was reduced on the ad- | 


dition of malic dehydrogenase, malate, and citrate-condensing enzyme, 
and 0.067 umole of citrate was found. No reduction of indophenol or 
diphosphopyridine nuc!eotide was observed and no citrate was formed when 
Y’ and ETF were added after deproteinization. It may therefore be con- 
cluded that a C. fragment is split off from the fatty acid residue by the 
consecutive action of the enzymes of the fatty acid cycle. This in tum 
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permits the conclusion that the initial attack on the substrate by Y’ has 
indeed been an a,8 dehydrogenation. 


SUMMARY 


The purification and properties of a new flavoprotein from pig liver, 
which carries out the a,8 dehydrogenation of fatty acyl derivatives of 
CoA, are described. After the isolation of the green butyryl CoA dehy- 
drogenase (1) and a yellow fatty acyl CoA dehydrogenase of a broader 
range of specificity (2), the enzyme described here is the third flavoprotein 
of this class. It displays its highest activity with lauryl CoA. Palmityl 
CoA is attacked at about 70 per cent of this maximal rate. It is therefore 
likely that the specificity range of this enzyme extends up to substrates of 
even longer carbon chain. Evidence is presented that FAD is the pros- 
thetic group of the enzyme. No significant amounts of iron were found 
in the enzyme. The electron-transferring flavoprotein (3) is required for 
the catalytic turnover of the enzyme with most acceptors. 


The authors are indebted to Dr. D. E. Green for his continued interest 
in this work and to Dr. R. L. Baldwin and Dr. C. H. Kratochvil of this 
university for their generous advice and cooperation in the physicochemi- 
cal measurements carried out in connection with this investigation. The 
skilled assistance of Mrs. Mildred Van De Bogart is gratefully acknowl- 
edged. The investigation was supported by a research grant, No. G-4128, 
from the National Heart Institute of the National Institutes of Health, 
Public Health Service, administered by D. I. Green, and by a grant from 
the Nutrition Foundation, Inc. Oscar Mayer and Company generously 
provided the tissues used in this work. 
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THE SPECIFICITY OF PANCREATIC LIPASE FOR THE 
PRIMARY HYDROXYL GROUPS OF GLYCERIDES 


By F. H. MATTSON anp L. W. BECK 
(From the Research Division, The Procter and Gamble Company, Cincinnati, Ohio) 


(Received for publication, September 22, 1955) 


There are conflicting reports in the literature on the specificity of pan- 
creatic lipase. Desnuelle (1) has summarized the evidence that pan- 
creatic lipase hydrolyzes esters of long chain, but not short chain, fatty 
acids. Moreover, the enzyme under normal conditions acts only on 
glycerol esters. ‘The question as to whether lipase has any specificity 
which depends on the location of the fatty acid on the glyceride molecule 
has never been answered satisfactorily. Until this question is answered 
satisfactorily, it will be impossible to demonstrate any specificity which 
the enzyme may have for particular long chain fatty acids. 

Weber and King (2) reported that the 1- and 2-monoglycerides of lauric, 
myristic, palmitic, and stearic acids were hydrolyzed by pancreatic lipase 
at practically the same rate. Similarly Artom and Zummo (3), using 
2-palmitoyl dicaprylin or 2-capryloyl dipalmitin as the substrate, found 
no difference in the rate of hydrolysis of the fatty acids esterified with the 
primary or secondary hydroxyl groups of glycerol. On the other hand, 
Balls and Matlack (4) investigated the enzymatic hydrolysis of the stearic 
acid esters of a number of primary, secondary, and tertiary alcohols. They 
concluded that the enzyme was specific for primary hydroxyl groups. 
Shortly thereafter Cedrangolo and Del Regno (5) reported that unsym- 
metrical diolein is hydrolyzed more rapidly than symmetrical diolein, thus 
indicating a lack of enzyme specificity for esters of primary alcohols. 
When the free hydroxyl groups of 1- or 2-monostearin were blocked with 
methyl groups joined to the glycerol by an ether linkage and these mate- 
rials were used as the substrate, no marked group specificity was found, 
although the primary ester was hydrolyzed somewhat more rapidly than 
the secondary ester (6). 

The specificity of lipase for the primary hydroxyl groups of glycerides 
is indicated by the recent report of Borgstrém (7). When unlabeled tri- 
glyceride was digested in the presence of labeled free fatty acid, only the 
1 and 3 positions of the glycerides came into equilibrium with the free fatty 
acids. 

None of the above studies, except that of Borgstrém, was based on com- 
pounds which could be considered typical of the usual edible triglycerides. 
Consequently, it was of interest to determine the course of lipase hydroly- 


735 


736 SPECIFICITY OF PANCREATIC LIPASE 


sis of triglycerides consisting of fatty acids containing 16 or 18 carbon 
atoms. 

Based on observations made on two types of triglycerides, it was con- 
cluded in a recent report from this laboratory that pancreatic lipase was 


specific for the hydrolytic reactions occurring at the primary hydroxy] | 
group positions of glycerol (8). This investigation now has been extended | 


to other triglycerides. ‘These more comprehensive results confirm the 
earlier ones which led to the conclusion that pancreatic lipase is specific 
for reactions involving fatty acids esterified with the primary hydroxy] 
groups of glycerol. 

Methods 


The procedure followed in these studies was (a) digestion in vitro of the 
triglycerides with pancreatic lipase, (b) isolation of the digestion products 
from this mixture by solvent separation, and (c) determination of the 
identity of the isolated digestion products. With the glycerides of known 
composition which were used, it was possible to establish the identity of 
the digestion products by means of iodine values. In the experiments 
with lard, the fatty acid composition as well as the iodine values of the 
digestion products was determined. 

With two exceptions the digestion conditions used in these studies were 
the same as those employed in the previous study (8). Since the earlier 
results had demonstrated that bile salts have little effect on the hydrolysis 
of triglycerides, bile salts were not added to the digest in the present stud- 
ies. When 2-oleoyl distearin was used as the substrate, the temperature 
of the digest was increased to 45°, since the melting point of this triglyc- 
eride is 43°. The isolation and analytical procedures used were the same 
as those employed in the previous study. Fatty acid composition was 
determined spectrophotometrically following alkaline isomerization of the 
samples (9). 

In the experiments reported here, two symmetrical triglycerides, 2-oleoyl 
distearin and 2-palmitoyl diolein, were used. The 2-oleoyl distearin was 
prepared by fractional crystallization from kokum butter. The 2-palmi- 
toy! diolein was prepared by oleoy! chloride acylation of high purity 2-mono- 
palmitin which was prepared by the method of Martin (10). The third 
substrate of known composition was the unsymmetrical triglyceride, 
l-oleoy! dipalmitin. ‘This triglyceride was prepared by palmitoyl chloride 
acylation of high purity I-monoolein, For ease of comparison the results 
obtained in the previous study, when the symmetrical triglyceride, 2-oleoyl 
dipalmitin, was used as the substrate, are presented again. The lard was 
prime steam lard which had been refined, bleached, and deodorized. The 
fatty acids of a portion of this lard were randomly rearranged with sodium 
methoxide as catalyst. 
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Results 


It was impossible to determine the quantity of the individual digestion 
products formed because of the limited amount of samples available. 
However, in each instance it was established that appreciable hydrolysis 
had occurred by determining the amount of fatty acid released. The 
extent of hydrolysis was essentially the same for all substrates except 


TABLE 
Iodine Values of Enzymatic Hydrolysis Products of Pure Symmetrical Triglycerides 


Values for theoretical products : 
Hydrolysis products Experimental 


| values 
Random 1,3-DG ,»2-DG — 2-MG 
2-Oleoyl dipalmitin 
Triglyceride 29 29 29 30 
Diglyceride 27 0 43 44 
Monoglyceride 24 0 71 61 
Free fatty acid 30 45-90 0 8 
2-Oleoy! distearin 
Triglyceride 29 29 29 27 
Diglyceride 27 0 43 44 
Monoglyceride 24 0 71 56 
Free fatty acid 30 45-90 0 10 
2-Palmitoy] diolein 
Triglyceride 59 59 59 56 
Diglyceride 56 82 43 43 
Monoglyceride 48 71 0 2 
Free fatty acid 62 0-47 90 85 


DG, diglyceride; MG, monoglyceride. 


2-oleoyl distearin. This triglyceride was hydrolyzed at a slower rate, 
possibly due to a partial inactivation of the enzyme by the higher tempera- 
ture (45°) used during the digestion. Analysis of each sample at the end 
of the digestion period established that no free glycerol was present. 

The values for the various theoretical products and the values found 
when the symmetrical triglycerides were used as the substrate are given in 
Table I. Comparison of the theoretical values with the experimental 
values for these three triglycerides shows that the route of hydrolysis 
giving the best agreement is that of triglyceride to 1,2-diglyceride to 
2-monoglyceride, ‘This finding was true regardless of whether the primary 
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hydroxyl group of glycerol was esterified with palmitic, stearic, or oleic 
acid. 

The theoretical and experimental values for the hydrolysis products of 
1-oleoyl dipalmitin are given in Table II. The results obtained with this 
unsymmetrical triglyceride are determined by two factors. First, the 
route of hydrolysis could be either preferential hydrolysis at the primary 
or secondary hydroxy] group or random with respect to the group. Sec- 
ond, if the hydrolysis was limited to the primary hydroxyl group, as was 
the case in the other experiments, then there could be specific hydrolysis 
of either the palmitic or oleic acid or hydrolysis of both in a random fashion. 


TABLE II 
Iodine Values of Enzymatic Hydrolysis Products of 1-Oleoyl Dipalmitin 


Values for theoretical products 
38 TG — 1,3-DG — 1- or 3-MG TG — 1,2-DG +2-MG 3 
Hydrolysis products}__ 3 
Saturated Unsaturated Saturated Unsaturated 
g Ran- 
P P P P 
Triglyceride. ..} 29 29 29 29 29 29 29) 31 
Diglyceride....| 27 41 41 41 41 0 20} 22 
Monoglyceride.| 24 71 0 35 0 0 0} 8 
Free fatty acid.| 30 0 0-45 0-45 0-45 45-90 45) 39 
TG, triglyceride; DG, diglyceride; MG, monoglyceride; O, oleic acid; P, palmitic | 
acid. 
* Group. 


t Fatty acid. 


The results obtained show the hydrolysis to be specific for the primary 
hydroxyl group. However, it is random as to whether palmitic or oleic 
acid is split from this position. 


That the hydrolysis of triglycerides is random with respect to the type | 


of the fatty acids was further established in experiments with lard and a 
portion of the same lard in which the fatty acids had been randomly re- 
distributed. The iodine values and fatty acid composition of the various 
hydrolysis products obtained when these two fats were used as substrates 
are given in Table ITI. 

The original lard is characterized by having a higher content of satu- 
rated fatty acids in the 2 position of the glycerides, as the composition of 
the isolated monoglycerides indicates. The 1 and 3 positions contain a 
higher proportion of the unsaturated fatty acids, as shown by the compo 
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sition of the fatty acids that were freed during enzymatic digestion. This 
distribution of fatty acids in the glycerides of lard has been shown in part 
by other methods (11). 

In randomly rearranged lard, the fatty acids are randomly esterified 
with the various hydroxyl groups of glycerol. The uniform content of 
fatty acids in the various digestion products of this fat shows the enzyme 
to have no specificity for any one of these fatty acids. The small differ- 
ences in level of the polyunsaturated fatty acids in the various digestion 


products is within the experimental error of the method by which they 
were determined. 


TABLE III 


Fatty Acid Composition of Enzymatic Hydrolysis Products of Lard and Randomly 
Rearranged Lard 


; Per cent composition 
Hydrolysis products — 
Saturated Oleic | Linoleic Linolenic | Arachidonic 
Crude lard 
Unhydrolyzed 71.0 36.0 50.3 12.7 0.5 0.4 
Free fatty acids 87.5 21.2 59.8 17.1 0.6 0.3 
Monoglycerides 32.6 71.1 22.5 6.3 0.3 0.0 
Randomly rearranged lard 
Unhydrolyzed 70.3 36.7 49.9 12 0.6 0.4 
Free fatty acids 69.6 38.6 46.6 14.0 0.7 0.2 
Monoglycerides 68.5 39.0 47.3 12.9 0.6 0.2 
DISCUSSION 


The results obtained with the triglycerides of known composition demon- 
strate that the hydrolysis of triglyceride by pancreatic lipase is a series of 
directed stepwise reactions from triglyceride to 1 ,2-diglyceride to 2-mono- 
glyceride. This route is the same regardless of whether the fatty acid is 
palmitic, stearic, or oleic acid. Moreover, as shown by the results ob- 
tained with 1-oleoyl dipalmitin and the lard samples, the hydrolysis at 
the primary hydroxy! groups of glycerol proceeds in a random fashion and 
is not influenced by the type of fatty acid. Thus, the enzyme lipase is 
specific for the hydrolysis of long chain fatty acids esterified with the 
primary hydroxyl groups of glycerol. According to the results of Borg- 


strom (7), this same specificity is true of esterification reactions. 
The specificity of pancreatic lipase makes available an excellent method 
for determining the structure of triglycerides. 


By using the same tech- 
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niques as were employed in the experiments reported here, it is possible 
to determine in a fat the relative amounts of fatty acids esterified with 
the primary and secondary hydroxyl groups of glycerol. The results ob- 


tained in our laboratory in studies on certain fractions of lard, tallow, soy 
bean oil, and hydrogenated soy bean oil confirm the structure of these fats 
as determined by existing more laborious methods. 


SUMMARY 


2-Oleoyl dipalmitin, 2-oleoy] distearin, 2-palmitoyl diolein, and 1-oleoy] 
dipalmitin were hydrolyzed in vitro with pancreatic lipase. The diges- 
tion products were isolated and characterized. Identification of the , 
hydrolysis products of these triglycerides shows the hydrolysis to be a 
series of directed stepwise reactions from triglyceride to 1,2-diglyceride 
to 2-monoglyceride. This course of hydrolysis is followed regardless of 
the location of the fatty acids in triglycerides consisting of saturated fatty 
acids containing 16 or 18 carbon atoms, or unsaturated fatty acids of 18 
carbon atoms. Characterization of the digestion products of 1-oleoy! 
dipalmitin, lard, and randomly rearranged lard demonstrated that hy- 
drolysis at the primary hydroxyl groups of glycerol is not influenced by 
the nature of the fatty acid but proceeds in a random manner. These 
results show pancreatic lipase to be specific for the hydrolysis of long chain 
fatty acids esterified with the primary hydroxyl groups of glycerol. 

The use of pancreatic lipase digestion of glycerides as a tool for determin- 


ing the position of fatty acids on a glyceride molecule is suggested. | 


We wish to thank E. 8. Lutton, J. B. Martin, and R. G. Folzenlogen of _ 
this laboratory for the preparation of the glycerides of known structure. 
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STUDIES ON AN OXALACETIC CARBOXYLASE FROM LIVER 
MITOCHON DRIA* 


By ROBERT BANDURSKIf ann FRITZ LIPMANN 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, 
Boston, Massachusetts) 


(Received for publication, July 27, 1955) 


The aerobic formation of phosphorylenolpyruvate! by tissue homogen- 
ates has attracted considerable attention since Kalckar’s initial demonstra- 
tion of the phenomenon (1, 2). The phosphorylpyruvate phosphokinase 
reaction was for a long time considered irreversible, and a glycolysis-inde- 
pendent pathway for formation of PEP seemed to bridge the gap in the 
chain of reactions leading from lactic and pyruvic acids to the glucose level 
(3,4). The demonstration of the essential reversibility of the phosphoryl- 
pyruvate phosphokinase reaction by Lardy and Ziegler (5) lessened in- 
terest in the aerobically produced PEP. Recently, however, Krebs (6) has 
reopened the question by pointing out that energetically the pyruvate + 
ATP reaction is so unfavorable that the aerobic pathway is still likely to 
play an important réle. 

This alternate pathway to PEP became all the more interesting following 
the demonstration by Utter and Kurahashi (7-9) of a reaction between a 
nucleoside triphosphate and oxalacetate, yielding reversibly PEP, COs, 
and the nucleoside diphosphate. In this reaction, the formation of PEP 
is energetically much more favorable, and it became then of some impor- 
tance to follow up the observations of Utter and Kurahashi. These work- 
ers had obtained their enzyme from chicken liver acetone powder and were 
aware of the great likelihood that this reaction furnished the explanation 
for aerobic PEP formation in homogenates. In view of earlier interest 
in this reaction by both of us, it was decided to attempt to show more 
rigorously the presence of the enzyme in liver mitochondria. It was con- 


* Report of work supported in part by a research grant from the National Cancer 
Institute of the National Institutes of Health, Public Health Service. A preliminary 
report of this work has been published (Federation Proc., 14, 176 (1955)). 

t Present address, Department of Botany and Plant Pathology, Michigan State 
University, East Lansing, Michigan. 

1The following abbreviations are used: phosphorylenolpyruvate, PEP; inosine 
triphosphate, diphosphate, and monophosphate, ITP, IDP, and IMP; adenosine 
triphosphate, diphosphate, and monophosphate, ATP, ADP, and AMP; reduced 
glutathione, GSH; tris(hydroxymethyl)aminomethane, Tris; oxalacetate, OA; 2,4- 
dinitrophenol, DNP; ethylenediaminetetraacetic acid, Versene. 
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firmed that aerobically mitochondria form PIP from a variety of citric 
acid cycle intermediates. However, anerobically, only oxalacetate was 
found to be active. By using lamb liver mitochondria, an enzyme could 
be isolated which catalyzed the conversion of oxalacetate and inosine tri- 
phosphate to PEP, carbon dioxide, and inosine diphosphate, Some prop- 
erties of this enzyme, which has been moderately concentrated, will be 
described. 


Materials and Methods 


PEP was synthesized by the method of Baer and Fischer (10). IDP 
was prepared from ADP by an adaptation of the method used by Kaplan 
for the preparation of ITP from ATP (11). GSH was obtained from the 
Schwarz Laboratories, Inc. ATP and ADP were obtained from the Pabst 
Laboratories, ITP, IMP, uridine triphosphate, and crystalline disodium 
ATP from the Sigma Chemical Company, and OA from the California 
Foundation for Biochemical Research. 

OA was determined as the colored ferric complex (12), protein by ab- 
sorbancy at 280 my (13), and phosphorus by the method of Fiske and 
Subbarow (14) or Lowry and Lopez (15). Biotin was assayed with Sac- 
charomyces cerevisiae, Fleischmann strain 139, ATCC 9896, by the method 
of Snell e¢ al. (16), following liberation from the combined form by a 2 hour 
hydrolysis in 2 N H2SQ, in an autoclave held at 120°. Adenosine triphos- 
phate-creatine transphosphorylase was a gift from Dr. H. Lardy (17) and 
was obtained through the courtesy of Dr. P. Zamecnick. This prepara- 
tion catalyzed the phosphorylation of 0.1 umole of ADP per y of protein 
per minute at 30° and at pH 7. 

PEP was determined as the difference in inorganic phosphate between 
two aliquots, one of which had been treated with 0.05 m alkali and the 
other with hypoiodite of the same degree of alkalinity (18). Some pre- 
caution is required, as it was found that PEP was completely hydrolyzed in 
5 minutes at room temperature in the presence of 0.05 m KOH, if GSH 
and Mn** (carried over from the enzyme reaction mixture) were also 
present in the assay mixture. Cysteine will not replace GSH, nor will 
Mg*+ replace Mn++ in the alkaline hydrolysis of PEP. OA is inhibitory 
to the reaction. This latter observation suggests that the mechanism of 
the alkaline hydrolysis of PEP is related to the peroxidic oxidation of pyru- 
vate to acetate and CO. observed in the presence of glutathione and cupric 
ion (19). 

Mitochondria used as a starting material for the OA carboxylase enzyme 
were prepared by an adaptation of the method of Mahler et al. (20). Fresh 
lamb livers were obtained at the abattoir, freed of connective tissue, sliced, 
and chilled in crushed ice. All subsequent operations were conducted at 


( 
b 
n 
| 
n 
ti 
a 
| 0 
In 
of 
ac 
M 
fu 
pre 
lea 
Ci 
for 
Py 
box 
has 
add 
whi 
py 
mal 
tio 
was 
fro 
the 
Si 
bein 
that 


R. 8S. BANDURSKI AND F. LIPMANN 743 


05°. After grinding in a meat grinder, 300 gm. portions of the liver 
pulp were blended together with 700 ml. of 8.5 per cent sucrose solution 
for | minute at full speed in a - liter stainless steel serew-cap Waring 
blendor jar. Following centrifugation for 7 minutes at 800  g, the super- 
natant liquid obtained from 3.6 kilos of liver pulp was poured into 30 liters 
of a solution containing 0.12 mole of KCI, 0.01 mole of KHCQOs;, and 0.003 
mole of K-Versene, pH 7.5, per liter. By centrifuging in a Sharples con- 
tinuous flow centrifuge operating at approximately 40,000 r.p.m., 360 ml. 
of a packed mitochondrial residue were obtained. The residue was sus- 
pended in 1200 ml. of 8.5 per cent sucrose, frozen at —20°, thawed, refrozen 
as before, and stored until used. Further purification of the enzyme is 
outlined in Table ITI. 

OA carboxylase activity was assayed by measurement of the PEP formed 
in 45 minutes at 30° in an incubation mixture consisting of 1.6 umoles of 
GSH, 12.5 umoles of Tris, 6.7 umoles of OA, 3.3 umoles of ITP, 2.5 umoles 
of MgCl,, and enzyme and water to 1 ml., pH 7.5. The unit of enzyme 
activity is that quantity of enzyme which catalyzes the formation of 1 
umole of PEP in the assay procedure. 


Results 


Formation of PEP by Intact Mitochondria—Kalckar (1) and Leloir and 
Mujioz (2) have shown the formation of PEP from malate, succinate, 
fumarate, citrate, and glutamate by their particulate preparations. As 
presented in Table I, a-ketoglutarate, oxalacetate, and pyruvate will also 
lead to PEP formation. For these experiments mitochondria isolated from 
guinea pig liver by the procedure of Hoch and Lipmann (21) were employed. 
Citrate, a-ketoglutarate, and oxalacetate are particularly good substrates 
for PEP formation; fumarate, malate, and succinate are somewhat less so. 
Pyruvate with or without the addition of a catalytic amount of a dicar- 
boxylic acid leads to good oxidation and PEP formation. Bartley (22) 
has shown the formation of PEP from pyruvate but only in the presence of 
added bicarbonate. A tentative explanation for the CO: requirement 
which has been advanced by Krebs (6) is the formation of malate from CO, 
pyruvate, and reduced triphosphopyridine nucleotide, as catalyzed by the 
malic enzyme, followed by the synthesis of PEP from OA formed by oxida- 
tion of malate. In the present case, no bicarbonate was added, and KOH 
was present in the center well. No special precautions to exclude CO, 
from the reaction mixture were used, however, and it thus is possible that 
the necessary 2 to 3 umoles of CO, were present. 

Since each of the acids of the tricarboxylic acid cycle was capable of 
being used as substrate for PEP formation, it seemed reasonable to suppose 
that the acids were first converted to a common intermediate. Oxidation 


iS 

P 
n 

st | 
m 
ia 
b- 
id 
1c- 
od 
ur 
nd 
ra- 
he 
re- 
in 
SH 
lso 
vill 
ory 
of 
ru- 
rie 
me 
esh 
ed, 
at 


744 OXALACETIC CARBOXYLASE 


of the various acids to oxalacetate by means of the familiar mitochondrial 
enzymes, followed by phosphorylation and decarboxylation of the oxalace- 
tate to PEP by the enzyme of Utter and Kurahashi, would provide the 
desired mechanism. ATP energy would, of course, be derived from the 
oxidative steps. A test of this hypothesis consisted of incubating the 
acids with mitochondria in an anaerobic system to which a stoichiometric 
amount of ATP was also added. The results of an experiment of this type 
are shown in Table II. a-Ketoglutarate and OA were used as substrates, 
and either a stoichiometric amount of ATP or a catalytic amount of ATP 


I 
Formation of PEP from Acids of Tricarboxrylic Acid Cycle 

Additions PEP formed Or consumed 

pmoles microatoms 
a-Ketoglutarate, 20 3.37 15.4 
Succinate, 20 wmoles.....................02000055. 1.06 19.2 
Oxalacetate, 20 wmoles............................ 4.43 5.0 
20 ‘* succinate, 1 wmole....... 2.75 18.0 


Each vessel contained 1.4 wzmoles of AMP, 5 umoles of MgCl:, 60 umoles of NaF, 
6.7 umoles of potassium phosphate, 250 7 of cytochrome c, and 1 ml. of mitochondrial 
suspension; water and potassium salt of organic acid in the side arm; total volume 
3 ml.; pH 7.5; KOH in center well; temperature 30°; air in gas phase; incubation, 90 
minutes. 


together with a stoichiometric amount of creatine phosphate was used as 
phosphate donor. ATP-creatine transphosphorylase was added to those 
tubes in which creatine phosphate was employed as phosphate donor. 
Either air or an N»2 gas phase was employed, as is indicated. That the 
mitochondria are active is evident from the formation of PEP from both 
OA and a-ketoglutarate when air is used as the gas phase. Under anaerobic 
conditions, however, with ATP or creatine phosphate as phosphate donor, 
only OA is used as a substrate for PEP formation. A similar observation 
is referred to by Krebs (6).2_ In a separate experiment it was found that 
pyruvate did not lead to PEP formation in anaerobic reaction mixtures 
containing ATP or ATP plus creatine phosphate. These experiments then 


2 The results of these experiments have now been published in detail by Bartley 
and Avi-Dor (23). 
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substantiate the postulate that PEP formation from acids of the tricar- 
boxylie acid cycle involves first the oxidation of the acid to oxalacetate, 
followed by the action of the enzyme of Utter and Kurahashi. 


Il 


Formation of PEP from Oxalacetate and a-Ketoglutarate under Aerobie and 
Anaerobic Conditions 


Additions Gas phase ke PEP formed 

Oxualacetate, 20 umoles Air 3.4 

AMP, 1.4 umoles 

Phosphate, 6.7 wmoles 

a-Ketoglutarate, 20 umoles Air —1.9 2.4 

AMP, 1.4 uwmoles 

Phosphate, 6.7 wmoles 

Oxalacetate, 20 umoles +22 2.9 

ATP, 20 umoles 

a-Ketoglutarate, 20 umoles N2 +21 0 

ATP, 20 umoles 

Oxalacetate, 20 umoles N2 +17 2.8 

ATP, 2 wmoles 

Creatine phosphate, 20 umoles 

a-Ketoglutarate, 20 umoles +17 0 

ATP, 2 umoles 

Creatine phosphate, 20 umoles 

ATP, 20 umoles Na +19 0 

Creatine phosphate, 20 umoles N2 +16 0 


Each vessel contained 5 umoles of MgCl, 60 umoles of NaF, 250 7 of cytochrome c, 
ATP-creatine transphosphorylase, 100 7 in those tubes containing creatine phos- 
phate; incubation 1 hour at pH 7.5; 30°. 


Solubility of Mitochondrial Oxalacetic Carboxylase and Purification—Fol- 
lowing freezing and thawing as described above, the mitochondrial oxal- 
acetic carboxylase activity is retained in the supernatant fluid after centri- 
fugation for 30 minutes at 12,000 X g. Comparative studies of the intact 
mitochondria and equivalent volumes of the enzyme prepared by freezing 
and thawing indicated that more than 70 per cent of the activity is re- 
covered in the supernatant fluid. No further activity could be recovered 
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by sonic disintegration of the pellet remaining after the above treatment. 
Mitochondrial supernatant fluids from several sources were tested for ac- 
tivity. Rabbit kidney and lamb liver were best; pig liver mitochondria 
and extracts of acetone-dried rat liver mitochondria were poor sources. 
The procedure employed for a partial purification of the carboxylase is 
detailed in Table III. All the steps are carried out at between 0-5°. An 
apparent purification of 12- to 20-fold was customarily obtained. Approxi- 
mately one-half of the increase in specific activity is due to the removal 
of enzymes which destroy PEP which are present in the original crude 
mitochondrial supernatant fluid. An occasional supernatant solution is 
found in which no PEP accumulation could be demonstrated until after 


acid precipitation of contaminating proteins. 


Tanie 
Purification of Oxalacetic Carborylane 


Enzyme, units per 
Procedure Volume me. protein 


ml. 


0.5 liter frozen, thawed mitochondrial suspension 
centrifuged at 12,000 * g; 20 min.; discard ppt.. . 354 0.74 

Adjust pH of supernatant to 5.3 with 0.1 m acetic 
acid (approximately 3 ml.); centrifuge 5 min. at 
12,000 X g; neutralize supernatant fluid to pH 7.0 

Solid (N H,)2SO, (0.313 gm. per ml.) added; ppt. dis- 
carded; (NH 4)2SO, (0.099 gm. per ml.) added and 
ppt. collected by centrifugation................. 12.7 11.9. 


The stability of the enzyme is greatly enhanced by storage in concen- 
trated solution, by employing quartz-distilled water for solution of the 
ammonium sulfate fractions, and by the use of ammonium sulfate which has 
been crystallized from Versene (24). When prepared in this manner, no 
glutathione requirement for enzyme activity has been observed. Gluta- 
thione was, however, routinely included in the reaction mixture. In solu- 
tions containing 1 mg. of protein per ml., a loss of 30 per cent of the enzyme 
activity occurs in 18 hours at 10°. The enzyme is very unstable to ace- 
tone and could not be fractionated with this agent. It is 50 per cent 
inhibited by 1.5 per cent (NH,)2SO,4 and 10 per cent inhibited by 0.5 per 
cent (NH4)2SO,. Centrifugation for 1 hour at 130,000 X g results in some 
concentration of the enzyme in the lower portion of the centrifuge tube. 
The isoelectric point of the enzyme, as determined by electrophoresis on 4 
starch column, is roughly pH 7.5. 

Enzyme Assay—The dependency of PEP formation on enzyme concen- 
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tration is illustrated in Fig. 1. As can be seen, there is a linear relationship 
between the PEP formed and the enzyme added over a 10-fold range of 
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hia. 1. Dependency of PEP formation on enzyme concentration. Mach tube 
contained 1.7 wmoles of GSH, 12.5 umoles of Tris, 6.7 umoles of OA, 3.3 amoles of 


ITP, 2.5 pmoles of MgCl,, and water and enzyme to 0.5 ml.; incubation was for 45 
minutes at 31°; pH 7.5. 
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Fic. 2. Dependency of PEP formation on enzyme concentration while gel-treated 
enzyme was used; conditions as for Fig. 1. 


enzyme concentration. In the tube containing the highest concentration 
of enzyme, 2 umoles of PEP were formed and 2.6 umoles of inorganic phos- 
phate liberated. Further fractionation of the enzyme yielded a prepara- 
tion which did not liberate orthophosphate, as presented in Fig. 2. Puri- 
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fication was accomplished as follows: Approximately 30 mg. of enzyme pro- 
tein were dialyzed against 2.5 & 10-'m GSH-5 & 107% m phosphate buffer, 
pH 5.9, for 2 hours. The dialyzed solution was placed on a column of 90 
mg. of Ca3(PO4)2 gel and 600 mg. of hand-torn filter paper pulp, according 
to the procedure of Zelitch.? The enzyme was eluted with 5 per cent am- 
monium sulfate. Considerable loss of activity occurred but the fraction 
of highest activity contained 16 units per mg. of protein and did not 
liberate appreciable quantities of orthophosphate. 

Nucleotide Specificity—Utter, Kurahashi, and Rose (9) found the OA 
carboxylase from chicken liver to be active with both ATP and ITP. ITP 
was, however, from 3 to 7 times as active as purified ATP. The presence 
in their enzyme preparation of the nucleotide diphosphokinase enzyme of 
Krebs and Hems (25) and Berg and Joklik (26) rendered it difficult to 
decide whether the small residual activity with purified ATP was due to 
the ability of the enzyme to use ATP or to the presence of contaminating 
inosine phosphates. Due to the greater activity of ITP and the stimula- 
tory effects of IDP when added to ATP, Kurahashi and Utter concluded 
that the enzyme was most probably acting on ITP.4. We have been able 
to confirm and extend these observations, since the present oxalacetate 
carboxylase preparation is free of nucleotide diphosphokinase and_ since 
crystalline ATP has recently become available. Data on the efficacy of 
several of the nucleotides are given in Tables [LV and V. As can be seen, 
crystalline ATP is completely inactive in the oxalacetic carboxylase reac- 
tion. Amorphous commercial ATP, designated as chromatographically 
pure, is apparently contaminated with approximately 5 per cent of ITP 
or some other active nucleotide. Uridine triphosphate was also found to 
be without activity. That the activity of amorphous ATP is not due to 
the presence of trace contamination with IDP and the presence in the 
enzyme of nucleotide diphosphokinase activity is evident from the data 
of Table V. Crystalline ATP plus a trace amount of IDP is inactive in the 
assay system. ‘There must, therefore, be approximately 5 per cent of an 
active nucleotide in the amorphous ATP. 

Specificity with Regard to Carbonyl Compounds—Hydroxyfumaric acid was 
compared with the hydroxymaleic acid used throughout most of the present 
work. During the 1 hour incubation period employed, they were of equal 
activity. Acetone, pyruvate, a-ketoglutarate, and acetoacetate were tested 
at a concentration of 6.6 wmoles per ml. for their ability to induce the 
liberation of orthophosphate from ITP. If a reaction had occurred, ortho- 


3 Zelitch, I., personal communication. 

‘More recent studies by these workers have established that guanosine nucleo- 
tides are of even greater activity than inosine nucleotides. The activity of inosine 
compounds appears, however, to be inherent and not due to contamination by gua- 
nosine (27). 
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phosphate would have been liberated from the IDP formed, as will be 
seen in a later section. No evidence for the reactivity of any of these 
compounds could be obtained. Arsenate does not induce orthophosphate 
liberation from ITP in the presence or absence of OA. | 

Effect of Bicarbonate on Oxalacetic Carboxylase—A small stimulation of 
PEP formation from OA and ITP by bicarbonate ion has been observed. 


TABLE IV 
Nucleotide Specificity of Oxalacetic Carborylase 
Additions PEP formed 


Each tube contained 20 umoles of NaF, 3.3 wmoles of GSH, 25 wmoles of Tris, 5 
amoles of MgCl., 5 umoles of MnCl, 6.7 umoles of OA, other additions as indicated, 


and water to 1.0 ml. per 1 mg. of enzyme protein; incubated 45 minutes at 30°; pH 
7.5. 


V 
Absence of Nucleotide Diphosphokinase in Oxalacetic Carborylase Preparation 


Additions PEP formed 
pmole 
ATP, crystalline, 3.3 0.00 
ATP, crystalline, 3.3 umoles + 0.75 umole of IDP.__. 0.01 


Kach tube contained 1.7 umoles of GSH, 12.5 umoles of Tris, 6.7 umoles of OA, 2.5 
umoles of MgCl,, 123 y of enzyme, other additions as indicated, and water to 0.5 ml.; 
incubated 45 minutes at 30° and pH 7.5. 


Increases in reaction rate of 25 to 50 per cent are obtained by conducting 
the reaction in 0.018 Mm KHCO and employing air or a 5 per cent CO2-95 
per cent N». gas phase. The stimulation is not due to potassium ion, as 
shown by the lack of effect of KCl in equivalent concentration, nor to 
alteration of the pH of the reaction mixture which remained at 7.5, as in 
the control tube. No explanation for this phenomenon is available. 
Biotin Assays—A large number of observations have indicated a rela- 
tionship between oxalacetate synthesis from pyruvate and the nutritional 
status of the organism with respect to biotin (see (28)). Although only a 
limited purification of the carboxylase enzyme was attained in the present 
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case, it seemed desirable to determine whether biotin was present in the 
enzyme fractions. The first supernatant solution obtained from freezing 
and thawing the mitochondria contained 11.4 y of biotin per gm. of protein. 
A fraction having a specific activity 6.8-fold higher than the first super- 
natant fluid contained 15.1 y of biotin per gm. of protein. For comparison, 
whole liver has been found to contain approximately 1 y of biotin per gm. 
of tissue. Although no conclusions as to an association between biotin 
and OA carboxylase may be drawn from these limited data, it is of interest 
that these mitochondrial fractions contain an appreciably higher biotin 
concentration than whole liver. Lichstein (29) has reported the associa- 
tion of biotin with oxalacetic carboxylase from chicken liver. 


TABLE VI 
Substrate Specificity of Inosinediphosphatase 
Substrate, 1.6 wmoles each Phosphorus liberated 

pmoles 
ITP 0.24 
IDP 1.33 
IMP 0.02 
ATP 0.12 
ADP 0.08 
AMI 0.08 


Keach tube contained 0.83 pmole of GSH, 6.25 pmoles of Tris, 1.25 ~amoles of 
(0 y of enzyme, and water and additions as indicated to 0.25 ml; incubation waa for 
45 minutes at 


Kevidence for Inosinediphosphatase— Prior to calcium phosphate gel chro- 
matography of the enzyme, | mole of orthophosphate was liberated. per 
mole of PEP formed (lig. 1). Ineubation of the enzyme with PEP or 
IVP showed the complete absence of phosphatases acting on PEP, and only 
slight ['TPase activity. It was, however, found that the enzyme prior to 
gel treatment contained an [DPase. These data are illustrated in Table 
VI. As can be seen, the enzyme hydrolyzes [DP but does not appreciably 
hydrolyze ITP, IMP, ATP, ADP, or AMP. ‘To the writers’ knowledge, 
no comparable nucleotide phosphatases have been reported as having this 
specificity for the diphosphate. 

The presence of this phosphatase may be of some importance in shifting 
the equilibrium of the OA carboxylase reaction. This may be of particular 
significance in the synthesis of PEP from pyruvate by way of a ‘‘dicar- 
boxylic acid shuttle,” as recently discussed by Krebs (6). 


6’ A further study of this enzyme has been made by Gregory (30), and a similar 
enzyme was simultaneously reported by Plaut (31) and by Gibson et al. (32). 
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DISCUSSION 


Considerable evidence has now been accumulated for the involvement 
of oxalacetic carboxylase in the mitochondrial synthesis of PEP from the 
Krebs cycle acids. ‘The data presented in this paper show the enzyme to 
be present in washed mitochondrial residues from which it can be dissociated 
and recovered with good over-all yields based on initial mitochondrial ac- 
tivity. Experiments on substrate specificity indicate that, anaerobically, 
only OA served for PEP synthesis, whereas aerobically all of the acids of 
the tricarboxylic acid cycle are active, a result consistent with the involve- 
ment of OA carboxylase in PEP synthesis (cf. (6) and foot-note 2). Ex- 
periments of Bartley (22) demonstrate that the specific activity of PEP 
phosphorus is at first lower than, and later equal to, that of ATP when 
mitochondria are incubated with substrate and radioactive orthophosphate, 
thus suggesting a kinase type reaction. Recently Stanbury and Mudge 
(33) have demonstrated a stimulation by DNP of mitochondrial synthesis 
of PEP from a-ketoglutarate. In systems lacking an ATP acceptor system 
they observed a close correlation between the extent of DNP stimulation 
of O. uptake and of PEP synthesis. ‘This finding suggests that the DNP 
may exert its effect by uncoupling all phosphorylations other than the 
substrate level phosphorylation between a-ketoglutarate and succinate. 
The increased amounts of OA thus formed might then react with “energy- 
rich phosphate” synthesized at the substrate level phosphorylation, 


SUMMALKY 


1. Oxalacetic carboxylase has been isolated from a mitochondrial frac- 
tion of lamb liver, 

2. Mxperiments establishing the substrate specificity for PIEOP synthesis 
by intact mitochondria suggest the involvement of the carboxylase in 
mitochondrial PEP synthesis. 

3. The purified mitochondrial carboxylase exhibits no nucleoside diphos- 
phokinase activity, is inactive with adenosine or uridine triphosphate, and 
is active with inosine triphosphate. 

4. ‘The presence in the enzyme preparation of a phosphatase acting on 
inosine diphosphate but not on inosine or adenosine triphosphate, adenosine 
diphosphate, or inosine or adenosine monophosphate is reported. 
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PHOSPHOACETYLGLUCOSAMINE MUTASE OF NEUROSPORA 


By JOSE L. REISSIG* 
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Buenos Aires, Argentina) 
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Phosphoglucomutase! preparations catalyze the transfer of phosphate 
from carbon atom | to carbon atom 5 or 6 in a number of esters. Thus, 
besides those of glucose, the phosphoric esters of mannose (1), ribose (2), 
N-acetylglucosamine (3), glucosamine (4), and galactose (5) are acted upon 
by PGmutase preparations. In every case a-glucose-1 ,6-diphosphate ac- 
tivates the reaction. Mannose-1 ,6-diphosphate (1) and ribose-1 ,5-diphos- 
phate (2) have been isolated after incubating GdP with mannose-1-phos- 
phate and ribose-1-phosphate, respectively, in the presence of PGmutase 
preparations. It has been postulated that GdP activates mutase reactions 
involving substrates other than glucose by first generating the diphosphate 
of the corresponding substrate. The simplifying assumption that the 
diverse mutase reactions were catalyzed by the same enzyme was implied. 
This assumption can no longer be held valid since PGmutase and phos- 
phoacetylglucosamine mutase activities have recently been found to be 
due to different enzymes (6), and Guarino (7) has produced evidence in- 
dicating that phosphoribomutase is not identical with PGmutase. Fur- 
ther proof of the non-identity of PGmutase and PAGmutase is presented 
in this paper, which deals with the properties and behavior of PAGmutase 
from Neurospora, 


Materials and Methods 


The following substrates were prepared in this laboratory: sodium 
N-acetylglucosamine-1-phosphate;? potassium a-glucose-l-phosphate (8); 
and GdP, isolated from yeast (9) and used as the Na salt. Where so 
specified, synthetic sodium GdP (10) was used. Some batches of AG-1-P 
were found to be contaminated with a phosphate ester of extreme acid 


* Present address, Institute of Animal Genetics, The University, Edinburgh, 
Scotland. 

t Calle J. Alvarez 1719. 

' Abbreviations as follows: PGmutase, phosphoglucomutase; PAGmutase, phos- 
phoacet ylglucosamine mutase; G-1-P, a-glucose-1-phosphate; G-6-P, glucose-6-phos- 
phate; GdP, a-glucose-1,6-diphosphate; AG, N-acetylglucosamine; AG-1-P, N-ace- 
tylglucosamine-1-phosphate; AG-6-P, N-acetylglucosamine-6-phosphate; AGdP, 
N-acetylglucosamine diphosphate; Tris, tris(hydroxymethyl)aminomethane. 

? Leloir, L. F., and Cardini, C. E., in preparation. 
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lability which was inactive as a substrate for PAGmutase. Such prepara- 
tions were not used in these experiments. 

Sodium diethyldithiocarbamate was a commercial sample (The British 
Drug Houses Ltd.). The 0.1 m stock solution was filtered before use. 
The Tris-acetate buffer was 0.05 m in Tris and had a pH of 7.7. 

Neurospora crassa (strain Em-5297a) was used as the enzyme source 
unless otherwise specified. Crude preparations of the rabbit muscle en- 
zyme were obtained as Najjar’s “‘water extract” (11). The purified prep- 
aration was carried through all the steps indicated (11), but it did not 
crystallize. 

Determinations—Phosphate was determined by the method of Fiske and 
Subbarow as described elsewhere (12). Deproteinization with trichloro- 
acetic acid was required only for the cruder enzyme preparations. N-Ace- 
tylglucosamine and N-acetylglucosamine-6-phosphate were assayed by a 
modification (13) of the Morgan-Elson method. AG-1-P fails to give this 
test. A solution of AG, purified by passing through Dowex 50 Ht, was 
used as the standard. Its concentration was checked by total N deter- 
mination (14). 

Glucose-6-phosphate was determined by the method of Somogyi (15) 
with Nelson’s colorimetric reagent. G-1-P fails to give this test. The 
diethyldithiocarbamate interference was eliminated by adding 1 volume of 
1 per cent ZnSO, solution, heating 1.5 minutes at 100°, and centrifuging 
off the precipitate. Since histidine interferes with the Somogyi-Nelson 
procedure, it was adsorbed batchwise on Dowex 50 Ht (200 to 400 mesh), 
at pH 1.7. | 

Estimation of Enzyme Activity—Unless otherwise specified, activity was 
assayed by incubating 10 minutes at 37° the following mixture in a total 
volume of 0.3 ml.: 0.8 umole of substrate, 0.01 umole of GdP, 0.1 ml. of 
Tris-acetate buffer, 3 uwmoles of diethyldithiocarbamate, 0.5 umole of 
MgSQ,, and 0.05 ml. of the enzyme preparation. With crude enzyme 
preparations, activity was estimated from the decrease in acid-labile phos- 
phate. A unit of activity was defined as the amount of enzyme causing a 
decrease in acid-labile phosphate equal to a reading of 100 units in the 
Klett colorimeter (filter No. 66); 7.e., about 0.2 umole. With purer phos- 
phatase-free enzyme preparations, the direct methods for the determina- 
tion of AG-6-P and G-6-P were utilized. 


Results 


Purification of Mutases 


All the steps were carried out at 0-5°. The precipitates were separated 
by centrifugation at approximately 10,000 X g during 10 minutes, except 
for the calcium phosphate gel which was centrifuged 3 minutes at 2000 X 
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g. Dialyses were performed against 4 liters of distilled water during 4 
hours with continuous mechanical agitation. 30 minutes standing were 
allowed for ammonium sulfate precipitations. 

First Ammonium Sulfate Treatment—The ratio of PGmutase to PAGmu- 
tase in a preparation can be altered by ammonium sulfate fractionation; 
precipitates obtained with up to 0.5 saturation give a decreased ratio, 
while those obtained between 0.5 and 0.8 saturation give an increased 
ratio. Preliminary attempts to apply the same fractionation procedure to 
purified preparations, following calciurn phosphate gel treatment, have not 
given consistent results. 

The procedure followed in a typical purification run is outlined below. 
80 ml. of crude Neurospora extract (16) were made 0.59 saturated in am- 
monium sulfate, yielding a precipitate (I) and a supernatant solution from 
which a second precipitate (II) was obtained by adding ammonium sulfate 
up to 0.75 of saturation. Precipitate I was dissolved in 60 ml. of 0.1 mM 
phosphate buffer, pH 7.8, and by successive additions of ammonium sul- 
fate it was made 0.48 (IIT) and 0.75 (IV) saturated. Precipitates II and 
IV were taken up in water, pooled, and dialyzed. Their PGmutase ac- 
tivity was about 100 times as high as their PAGmutase activity (Table I), 
and they were put aside for further PGmutase purification. 

Precipitate III] was dissolved in 35 ml. of water, dialyzed, and made 0.4 
saturated in ammonium sulfate (V). For this and the following steps, 
ammonium sulfate was added in the form of a saturated solution. The 
supernatant solution of Precipitate V was made successively 0.5 (VI) and 
0.7 (VII) saturated in ammonium sulfate. Precipitates V, VI, and VII 
were dissolved in about 10 ml. of water each, and dialyzed. The solution 
of Precipitate VI was made 0.5 saturated in ammonium sulfate (VIII). 
The resulting supernatant fraction was pooled with Precipitate V and made 
successively 0.4 (Precipitate IX), 0.5 (Precipitate X), and 0.7 (Precipitate 
XI) saturated in ammonium sulfate. The precipitates were taken up in 
distilled water and dialyzed. The highest PAGmutase activity, relative 
to PGmutase, was found in Precipitates VIII and X, which were pooled 
for further PAGmutase purification. 

If it is not essential to achieve a partial resolution of PGmutase and 
PAGmutase, the above purification scheme may be greatly simplified; the 
precipitate obtained from the crude extract by adding ammonium sulfate 
up to 0.5 saturation can be used for PAGmutase purification, and that 
obtained between 0 and 0.7 saturation for PGmutase. 

Acid Treatment—The dialyzed fractions obtained as indicated above 
were acidified with acetic acid to pH 4.8, and the precipitate was centri- 
fuged off. The supernatant solution was brought to pH 7.7 with NaOH. 

Calcium Phosphate Gel Treatment—The above solution was mixed with 
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2 volumes of calcium phosphate gel (17) in water (3.3 per cent in the dry 


[ 
salt). The gel was eluted once with 15 ml. of 0.01 saturated ammonium P 
sulfate, and twice with 20 ml. of 0.08 saturated ammonium sulfate. 15 I 
t 
TaBLeE [ 
Purification of Mutases ‘ 
PGmutase PAGmutase 
Purification of PGmutase and PAGmutase . 
Crude extract (dialyzed) 106,000 22 11,500 2.4 
Ist (NH,).SO, treatment 
Ppts. II, IV 42,000 | 104 450| 1.1 93 
« VIII, X 1,200 2.5 | 3,400 7 0.4 
IX, XI 44,000 45 4,900 5 
Purification of PGmutase (from Ppts. Iland IV) 
After acid treatment 39, 000 130 
Phosphate gel eluate 21,000 340 
2nd (NH4) SO, treatment 
Ppt. with 0.55-0.70 satu- 1,000 200 | 
ration of 
Ppt. with 0.70-0.85 satu- | 13,000 | 1,000 31 2.4 420 un 
ration (Preparation A) | ac 
un 
Purification of PAGmutase ac 
(from Ppts. VIII and X) 
as 
After acid treatment 1,100 8 1,400 | 10 0.8 Ger 
2nd (NH,)2SO, treatment 
Ppt. with 0 to 0.55 satura- 54 | 13 
tion | ag 
Ppt. with 0.55-0.70 satu- 132 8 740 | 45 0.2 th 
ration (Preparation B) ti 
Ppt. with 0.70-0.80 satu- 60 - 
ration fig 
minutes under mechanical agitation were allowed for each adsorption and 
elution. The 0.08 saturated eluates contained most of the activity and 


were used for further purification. 
Second Ammonium Sulfate Treatment—Successive additions of ammo- of 
nium sulfate solution up to 0.55, 0.7, and 0.8 (or 0.85) saturation yielded 
precipitates that were taken up in water and dialyzed. on 
The ratio of the activity of the enzyme solution to its extinction at 278 


278 
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my was taken as an index of purity. A 50-fold purification for PGmutase 
and a 20-fold purification for PAGmutase were achieved. The ratio of 
PGmutase to PAGmutase activity was more than 2000 times greater in 
the preparations of PGmutase than in those of PAGmutase (Table I). 
The mutases were obtained practically free of phosphatase activity and 
could be stored (undiluted) at —16° for a month with no loss of activity. 


Mutase Activities in Animal Tissue 


The previously unrecognized (3, 6) PAGmutase activity of rabbit mus- 
cle extracts could finally be detected by using more concentrated prepara- 
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20 40 60 80 = 100 
INCUBATION TIME (MINUTES) 
Fic. 1. Labile phosphate and N-acetylglucosamine determinations in the course 
of the forward and reverse PAGmutase reaction. Curve A, incubating with 0.4 
umole of AG-1-P per 0.3 ml. as substrate; O, free AG equivalents; @, decrease in 
acid-labile P; all referred to the scale on the left. Curve B, incubating with 0.37 
umole of AG-6-P per 0.3 ml. as substrate; A, decrease in free AG equivalents; A, 
acid-labile P; all referred to the scale on the right. Other conditions as for standard 
assay of enzyme activity. 


tions. The ratio of PGmutase to PAGmutase activity turned out to be 
1300: 1 in a crude extract and 1200:1 in a purified preparation. The close 
agreement between these ratios may be more apparent than real, since 
they are subject to appreciable error, due to the fact that the concentra- 
tion-activity curve for the purified enzyme was not linear. The reported 
figure was calculated by extrapolating to zero concentration. 

Leloir (personal communication) found in pig kidney extracts a PGmu- 
tase-PAGmutase activity ratio of about 60:1. 


Products and Reversibility of Reaction 


Good quantitative agreement was obtained between the disappearance 
of acid-labile phosphate and the appearance of AG equivalents in the 
course of the reaction (Fig. 1, Curve A). The acid-stable phosphate ester 
was isolated after incubating for 34 hours at 37° a reaction mixture contain- 
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ing 3.0 ml. of Tris acetate buffer, 120 umoles of AG-1-P, 20 umoles of GdP, 
30 umoles of MgSO,, 90 umoles of diethyldithiocarbamate, and 3 ml. of 
purified PAGmutase, in a total volume of 9 ml. The reaction mixture was 
deproteinized with 6 ml. of 20 per cent trichloroacetic acid, extracted with 
ether until a pH of 5 was reached, neutralized, and submitted to chroma- 
tography on a 2 sq. cm. X 30 cm. column of Dowex 1 Cl (200 to 400 mesh 
with 10 per cent cross-linkage). After washing with 0.001 m NH,OH, 
gradient elution was applied. An apparatus (18) with a 500 ml. mixing 
flask, filled with a solution 0.025 mM in NH,Cl and 0.01 mM in K2B,0;, and a 
reservoir containing 0.03 m NH,Cl were used. After about 24 hours, when 
400 ml. of the solvent had passed through, the AG-1-P peak (Morgan- 
Elson test only after acid hydrolysis) appeared. Overlapping with most 
of this peak was another which was Morgan-Elson-positive. This second 
fraction was passed through a Dowex 50 H* column, heated at 100° for 30 
minutes in order to hydrolyze the AG-1-P, and neutralized with NH,OH. 
Inorganic phosphate was precipitated by adding barium acetate. After 
centrifugation the supernatant fraction was treated as indicated elsewhere 
(19) in order to remove the boric acid and the HC]. The residue was taken 
up in 1 ml. of water and neutralized with NaOH. The ester was precipi- 
tated as the barium salt by addition of barium acetate, 3 volumes of etha- 
nol, and 3 volumes of ether. It was then taken up in water and the barium 
ions were. eliminated by the addition of NaSO,. The solution con- 
tained no inorganic or acid-labile phosphate, and had 1.0 mole of acid- 
stable phosphate per AG equivalent, in agreement with the expectations 
for AG-6-P. Calculated as AG-6-P, it was 20 per cent pure on the basis 


of the dry weight of the barium salt. The assignment of the AG-6-P | 


structure to the isolated ester is based on the above analytical data and on 
the following grounds: analogy with other mutase reactions, and the be- 
havior of the ester toward a purified enzyme system from pig kidney which 
transforms AG-6-P into fructose-6-phosphate, inasmuch as both the mu- 
tase reaction product and AG-6-P obtained by chemical acetylation of 
glucosamine-6-phosphate (20) are acted upon by the kidney system (Le- 
loir, personal communication). The reversibility of the reaction is illus- 
trated by Curve B, Fig. 1. Equilibrium is reached, starting with either 
ester, when the mixture is 86 per cent in AG-6-P and 14 per cent in AG-1-P. 


Requirement for Glucose-1 ,6-diphosphate 


Activation of PAGmutase—P AGmutase preparations were obtained with 
as little as 2 per cent of their standard activity when GdP was omitted from 
the reaction mixture. 

Dr. Strominger has kindly supplied two samples of a nucleotide isolated 
from hen oviduct, which he characterized as uridine diphosphate N-ace- 
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tylglucosamine phosphate (21). One of the samples had been submitted 
to mild hydrolysis, so that it contained the free AG diphosphate (AGdP) 
together with some AG monophosphate. The other sample was untreated. 
The hydrolyzed sample, but not the untreated one, was active as a substi- 
tute for GdP in the PAGmutase system. The hydrolysate was 1.3 times 
as active as GdP on an equimolar basis (AGdP assayed from the increase 
in the Morgan-Elson test after acid hydrolysis) (Fig. 2). The concentra- 
tion of cofactor which results in one-half maximal PAGmutase activity is 
1.2 X 10-* m for AGdP and 1.7 10-* m for GdP, under standard incuba- 
tion conditions. Synthetic and yeast GdP preparations have identical 
co-PAGmutase activity per mole. Uridine-5’-phosphate was inactive as 
a substitute of GdP. 
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Fic. 2. Effect of GdP or AGdP concentration on PAGmutase activity. Enzyme 
Preparation B and AGdP from nucleotide were used. 


Activation of PGmutase—Preparations of PGmutase were obtained hav- 
ing as little as 5 per cent of their standard activity when GdP was omitted 
from the reaction mixture. AGdP from nucleotide hydrolysate can par- 
tially satisfy the GdP requirement (Fig. 3, A). The activation it causes is 
approximately one-third as high as that obtained with GdP. Those results 
were obtained with a PGmutase preparation treated so that it would have 
as little PAGmutase activity as possible: Preparation A (Table I) was 
acidified to pH 4.7 with acetic acid, heated 4 minutes at 55°, cooled, and 
centrifuged. The activity recovered in the neutralized supernatant solu- 
tion was not high enough to permit the determination of the PGmutase- 
PAGmutase activity ratio, but previous experience (6) has shown that 
such a treatment results in a greater inactivation of PAGmutase than of 
PGmutase. 

Less pure PGmutase preparations are activated by AGdP to a greater 
extent than indicated above. AGdP activated 100 per cent (relative to 
GdP) a preparation having equal PGmutase and PAGmutase activities, 
and up to 65 per cent a preparation in which the PGmutase-PAGmutase 


IP, 
of 
Vas 
ith 
1a- 
JH, 
ing 
da 
en 
an- 
ost 
ond 
— 
H. 
iter 
ere 
Ken 
ipi- 
ha- 
um 
on- | 
asis 
6-P 
lon | 
be- | 
ich | 
1 of 
Le- 
lus- 
her 
1-P. | 
vith | 
rom 
ated 
ace- 
gat 


760 PHOSPHOACETYLGLUCOSAMINE MUTASE 


activity ratio was 100:1. PGmutase therefore appears not to take full 
advantage of the coenzymatic capacities of AGdP, except in the presence 
of PAGmutase. This finding demanded reexamination of the earlier con- 
clusions as to the distinct nature of both mutases. The possibility should 
be considered that in the course of purification PGmutase preparations 
were being depleted of the capacity for converting GdP into AGdP, but 
not of the capacity for converting AG-1-P into AG-6-P (PAGmutase ac- 
tivity proper). The slight PAGmutase activity of the PGmutase Prepara- 
tion A was not enhanced when AGdP was substituted for GdP. This 


result rules out the possibility mentioned above. 


S06 cep 
& 05 + 194 
| 
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AGdP 19.3 
— AGdP lo2 
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GdP OR CONCENTRATION (M.10°) 

Fic. 3. Effect of GdP or AGdP concentration on PGmutase activity. <A, with 
AGdP from nucleotide; B, with AGdP isolated after incubation of GdP plus AG-1-P 
with PAGmutase. Enzyme Preparation A, heat-treated as indicated in the text, 


was used, but as a result of aging it was less active in Experiment B than in A. To 
compensate for that, incubation time was 15 minutes in Experiment A, and 40 min- © 


utes in Experiment B. 


Effect of Mg Ion Concentration on GdP Requirement—This effect can be 
appreciated from Fig. 4. PGmutase or PAGmutase reaction mixtures 10 
M in Mg ions, a concentration which is already slightly inhibitory (Fig. 5), 
have a distinctly higher GdP requirement than those with approximately 
optimal (1.7 mM) or suboptimal (0.2 mm) Mg. At each Mg ion concen- 
tration, the GdP requirements of the mutases did not differ significantly. 

GdP from AGdP—The sluggishness of AGdP as an activator of PGmu- 
tase can be overcome by preincubating AGdP with PAGmutase in the 
presence of G-1-P (Table II), probably due to the formation of GdP. 
Since the aliquots were boiled prior to assaying co-PGmutase activity, the 
alternative that the active compound might be a phosphorylated protein 
(22) instead of GdP appears unlikely. These results fit in with the ob- 
servation (see above) that PAGmutase content of the enzyme preparation 
used and activatability by AGdP are related. 

AGdP from GdP—Synthetic GdP (0.025 umole) and 0.4 umole of 
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AG-1-P were incubated | hour under standard conditions with Prepara- 
tion B of PAGmutase. The reaction was stopped by heating 3 minutes 
at 100°, and the co-PGmutase activity of the mixture was assayed (as in 
Table II). A control was run which was in all respects equivalent to the 
test mixture, except that GdP and AG-1-P were incubated separately with 
the enzyme and other ingredients, and mixed only after heat inactivation. 
The maximal activation of PGmutase yielded by the test mixture was one- 
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Fic. 4. Effect of Mg ion concentration on the GdP requirement of PGmutase and 
PAGmutase: O, PGmutase, 10 mm in Mg++; A, PAGmutase, 10 mm in Mg*+; @, 
PGmutase, 1.7 mm in Mg**+; @, PGmutase, 0.2 mm in Mg++; A, PAGmutase, 1.7 mm 
in Mg*t. Different enzyme preparations were used for PGmutase and PAGmutase, 
each enriched in the activity being measured. Points for 16.7 x 10-* m GdP, not 
included in this graph, are: PAGmutase and 1.7 mm Mg, 99 per cent; PAGmutase 
and 10 mm Mg**t, 151 per cent; PGmutase and 0.2 mm Mg*+, 75 per cent, PGmutase 
and 10 mm Mg**, 144 percent. Each curve belongs to a different typical experiment. 

Fic. 5. Effect of Mg ion concentration on mutase activity: O, PGmutase; @, 
PAGmutase. Enzyme preparations as in Fig. 4. 


fourth that given by the control mixture. This is close enough (Fig. 3) 
to expectation, assuming AGdP to be formed at the expense of GdP. 

A more direct demonstration of the formation of AGdP was established 
by isolation of AGdP from a reaction mixture containing 20 umoles of 
AG-1-P, 1.8 umoles of GdP, 9 umoles of diethyldithiocarbamate, 7.5 umoles 
of MgSO,, 0.15 ml. of Tris-acetate buffer, and 0.5 ml. of PAGmutase 
(Preparation B) in a total volume of 1.2 ml. The mixture was incubated 


during 6 hours at 37°, and then chromatographed on a 0.5 sq. em. X 12 
cm. column with the resin and solvents described for the isolation of AG- 
6-P, but with the volume of the mixing flask 50 ml. After 30 hours, when 
100 ml. of the potassium borate-ammonium chloride solvent had passed, 
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the solution in the reservoir was replaced by a solution 0.02 mM in HCl and 
0.02 Min KCI When 60 ml. of the new solvent had passed, a peak ap- 
peared which gave the Morgan-Elson reaction only after acid hydrolysis, 
In 19 ml. of the eluate, which was promptly neutralized with NaOH, 


Tasie Il 
Formation of GdP from AGdP Plus G-1-P 


| Increase in 
Cofactor added* | pmoles & 10% PGmutase 
activity} 
ul. 
GdP 0.2 103 
0.5 172 
1.0 196 
GdP + AGdP 1.0 
+3.0 190 
AGdP 3.0 72 
Aliquot from incubation of AGdP§ + G-1-P| 3.3 0.3 119 
with PAGmutase 8.3 0.8 160 
16.7 1.6 190 
Aliquot from incubation of AGdP§ with 16.7 1.6 60 
PAGmutase 50.0 4.8 49 
Aliquot from incubation of G-1-P|| with 3.3 6 
PAGmutase 50.0 —29 


The figures correspond to a cofactor assay. 

* Added cofactor was GdP, AGdP from nucleotide hydrolysate, or aliquots from 
reaction mixtures in which PAGmutase (Preparation B) had been incubated with 
the indicated compounds plus buffer, diethyldithiocarbamate, and MgSO, in the 
usual concentrations 1] hour at 37°, the reaction being stopped by heating 3 minutes 
at 100°. 

t The micromoles of cofactor added for the aliquots from reaction mixtures are 
calculated on the basis of the initial AGdP content. 

t PGmutase (the same as in Fig. 3, A) was incubated under standard conditions 
for PGmutase assay (by the Somogyi-Nelson method), but with the cofactor as indi- 
cated. Readings were translated into standard units, and the figure (41 units) for 
the blank with no cofactor was subtracted. 

§ 0.048 umole per 0.3 ml. 

|| 0.4 umole per 0.3 ml. 


0.6 equivalent of the ester was obtained. For each AG equivalent yielded 
after acid hydrolysis, the following analytical results were obtained: 0.0 
mole of free AG or AG-6-P, 0.1 mole of inorganic phosphate, 1.0 mole of 
acid-labile phosphate, 1.1 moles of acid-stable phosphate, and the equiva- 
lent of 1.3 moles of GdP in co-PAGmutase activity. The ester, like the 
AGdP from nucleotide, was not as good as GdP as an activator of PGmu- 
tase (Fig. 3, B). 
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Activation of Muscle PGmutase by AGdP In order to test the co-PGmu- 
tase activity of AGP with the muscle enzyme, it was necessary first to 
resolve the enzyme preparation from the bound coenzyme. ‘The procedure 
used by Cardint ef al. (9) was applied suecessfully to the erude muscle 
extract, but did not work for the purified enzyme. The following pro- 
cedure resulted in a partial resolution of the purified enzyme (one-half 
maximal activity in the absence of coenzyme). The purified muscle prep- 
aration Was incubated with cysteine (1 mM, pH 7.5), MgSO, (50 mm), 
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Fic. 6. Effect of diethyldithiocarbamate concentration on PAGmutase activity. 
Enzyme Preparation B was used. 

Fic. 7. Effect of pH on the activity of the mutases: O, PAGmutase under stand- 
ard conditions (with diethyldithiocarbamate); @, PAGmutase with histidine (20 
mM) instead of diethyldithiocarbamate; & (dotted curve) PGmutase with histidine 
(20 mm) instead of diethyldithiocarbamate. Enzyme preparations as in Fig. 4. 
The Tris-acetate buffer plus the complex-forming agent was adjusted to the indicated 
pH with NaOH or acetic acid just before the experiment. PAGmutase readings are 
plotted on the scale on the right, and PGmutase readings on the seale on the left. 


and G-1-P (2.5 mm) at 30° for 30 minutes, and then dialyzed in the cold 
against 2 changes of 4 liters each of 0.04 m KCI. | 

As compared with GdP, AGdP from nucleotide (6 to 15 & 10-6 M) was 
40 to 60 per cent active toward either the crude or the purified muscle 
PGmutases. 


Other Activators 


Magnesium ion concentration-activity curves for the mutases (Fig. 5) 
indicate an optimum for PAGmutase at about 2 mm, and for PGmutase at 
3 to 6mm. Values reported previously for muscle PGmutase are 0.5 to 
2.5 mM (11), 5 mM (23), and 5 to 10 mm (24). 
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The diethyldithiocarbamate concentration-activity curve for PACimu- 
tase is shown in Pig. 6. Histidine or S-hydroxyquinoline may be used as 
substitutes for diethyldithiocarbamate, A plateau of maximal activation 
is reached when the solution is 20 histidine, ata level about as high 
as that with diethyldithiocarbamate, Although S-hydroxyquinoline can 
awetivate the mutases to the same extent as Che former agents, and although 
it has been used previously mm mutase studies (2,6, 25, 26), there is a serious 
drawback to its use, Under some of the meubation conditions employed 
in this study, the concentration of S-hydroxyquinoline required for maxi 
mal aetivity (2 mM) is high enough so that a precipitate is formed, ap- 
parently involving Mg ions. 


iffect of pH on Activity 


The pH-dependence of PAGmutase activity was studied by using either 
diethyldithiocarbamate or histidine as the complex-forming agent. The 
pH optimum is 7.7 when diethyldithiocarbamate is used, and 8.0: with 
histidine (Fig. 7). The optimum for PGmutase with histidine les around 
pH 8. Under conditions somewhat different, a value of 7.5 has been ob- 
tained for the muscle enzyme (11, 23, 24) in the presence of Mg ions. The 
sharp drop in activity above pH 8 has been attributed to the formation of 
insoluble Mg(OH)s. 


DISCUSSION 


The following equations, homologous to those first proposed by Leloir 
(1) to explain the activating réle of GdP in the interconversion of mannose 
esters, describe adequately the transformations studied in this paper: | 


(1) G-1-P + GdP = GdP + G-6-P 
(2a) AG-1-P + GdP = AGdP + G-6-P 
(3) AG-1-P + AGdP = AGdP + AG-6-P 


At present no basis exists for making a choice between the path outlined 
in Reaction 2a and the following additional possibilities: 


(2b) AG-6-P + GdP = AGdP + G-1-P 
(2c) AG-6-P + GdP = AGdP + G-6-P 
(2d) AG-1-P + GdP = AGdP + G-1-P 


Najjar and Pullman (22) have shown that muscle PGmutase effects 
phosphate transfer via the formation of a phosphorylated enzyme. It is 
not unlikely that this mechanism is also operative for the Newrospora en- 
zymes. A formulation based on this mechanism yields equations essen- 
tially equivalent to Reactions 1 to 3. 

The enzymes catalyzing Reactions 1 (PGmutase) and 3 (PAGmutase) 
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have been separated, achieving a 2000-fold variation of their relative ac- 
tivity. ‘Phis confirms an earlier report (6) on the distinet nature of PGmu- 
tase and PACimutase based on their differential thermolability, The de- 
gree of cross-specihicity that each enzyme may have for the substrate of 
the other remains vet to be settled. From the available data, one can 
only upper limit of cross-speeiicity as idieated by the PCimutase- 
PACHnutase ratio of in PACGimutase preparations and the PACGmu- 
ratio of 0.00221 in PCunutase preparations, lor the mus- 
cleenzyme the PACunutase-PCGimutase ratio is about 0.0008: 1 and remains 
essentially constant after extensive purification, thus suggesting that the 
figure obtained may not be merely an upper limit but an mdex of inherent 
eross-specifierty. 

Activity of Reaction 2 decreases when PACGmutase activity decreases. 
While this suggests that PACimutase catalyzes both Reactions | and 2, 
the following alternatives remain: a third enzyme catalyzes Reaction 2; 
and the joint action of PGmutase and PAGmutase is required for Reaction 
2 to take place. The presence of considerable PGmutase activity in all 
our preparations has prevented the testing of the latter possibility, which 
would be quite in keeping with a Najjar and Pullman type of reaction 
mechanism. 

We cannot be certain whether the AG-1-P used is in the @ or 6B form. 
However, it appears likely that the extremely acid-labile AG phosphoric 
ester contaminating some substrate preparations, which was inactive as 
substrate for PAGmutase, is B-AG-1-P. This tentative conclusion was 
reached through reasoning by analogy with the glucose series. a-Glucose 
is the naturally occurring form, while 6-glucose is enzymatically inactive 
(27) and more acid-labile (28). 

Evidence for the physiological significance of the PAGmutase reaction 
rests not only on the fact that a PAGmutase enzyme exists which is differ- 
ent from PGmutase, but also that its location is strategie (29). 

The increased GdP requirement observed in the presence of excess Mg 
ions may be most simply explained by assuming that an inactive Mg-GdP 
complex is formed. Or, alternatively, we may assume that Mg ions can 
act specifically as association inhibitors for the union of GdP with the 
enzyme. <A finding of Posternak and Rosselet (5) which is akin to the 
above observations has recently come to our attention. They report that 


Mg ions can overcome the inhibition of PGmutase caused by excess of 
GdP. 


SUMMARY 


An enzyme system from Neurospora catalyzing the conversion of N-ace- 
tylglucosamine-l-phosphate into N-acetylglucosamine-6-phosphate and 
vice versa was characterized, and a purification procedure was developed 
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to permit the partial separation of this system from phosphoglucomutase, 
The ratio of phosphoglucomutase to phosphoacetylglucosamine mutase 
activity in the different purified fractions ranged from 420:1 to 0.2:1. 

Equilibrium was reached when the mixture was 86 per cent in N-ace- 
tylglucosamine-6-phosphate and 14 per cent in N-acetylglucosamine-1- 
phosphate. 

Maximal activity was obtained in the presence of glucose-1 ,6-diphos- 
phate or N-acetylglucosamine diphosphate, Mg ions and a complex-form- 
ing agent, and at a pI of 7.7. excess Mg ions increased the requirement 
for glucose-1 ,6-diphosphate. 

N-Acetylglucosamine diphosphate was isolated after incubating glucose- 
1 ,6-diphosphate and N-acetylglucosamine- t-phosphate in the presence of a 
mutase preparation, The formation of glucose-L,6-diphosphate from N- 
acetylglucosamine diphosphate plus glucose-l-phosphate was also studied, 

Phosphoacetylghicosamimne mutase activity was found in animal tissue, 

We are grateful to Dr. Cardini and Dr. Leloir for having 
supphed us generously with ACGEI-P and other substrates used here, and 
to Dr. I. Cabib for the purified musele PCanutase preparation, ‘To them, 
the other members of the Institute, and to Dr. Adrian M. Srb, we are 
greatly indebted for worthy suggestions concerning this manuseript. 
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FRACTIONATION OF THE PROTEINS OF HUMAN SYNOVIAL 
FLUID AND PLASMA* 


By K. SCHMID, EDITH C. ROSA, anp MARGARET B. MacNAIR 


(From the Robert W. Lovett Memorial Laboratories for the Study of Crippling Diseases, 
Massachusetts General Hospital, and the Department of Biophysical 
Chemistry, Harvard Medical School, Boston, Massachusetts) 


(Received for publication, August 18, 1955) 


The proteins in synovial fluid have not yet been studied systematically. 
However, several components have been recognized by either their en- 
zymatic or immunochemical properties (1). The presence of lipoproteins 
has been suggested in certain pathological joint fluids by the cholesterol 
content, and that of fibrinogen by the ability of these fluids to clot (1). 
Electrophoretic investigations on joint fluid and sera revealed many simi- 
larities in the distribution of proteins, but the following differences also 
became apparent (2): The relative concentrations of the a2- and B-globu- 
lins are decreased in arthritic joint fluid whereas that of the y-globulin is 
increased. 

Further advance in the characterization of the synovial fluid proteins 
was attempted in this study by isolation of the proteins followed by chemi- 
cal and physicochemical determination of their properties. A method 
for the fractionation of the proteins, presented in this publication, was 
desired which would allow the separation of the following components: 
fibrinogen, y-globulins (1, 3), lipoproteins, a2-globulins, and glycopro- 
teins (4-10). This method was also applied to normal human plasma 
because the results obtained were used as references. 

For the fractionation of proteins, the low temperature, low salt, ethanol 
procedure (Method 6) (11) in combination with the use of bivalent metal- 
lic ions (Method 10) (12-15) appeared advantageous for this study, since 
a large body of knowledge exists about its fundamental principles (16-18). 
In Methods 6 and 10, proteins were separated on the basis of solubility 
differences in a solvent system in which five variables are controlled, 7.c. 
protein concentration, pH value, ionic strength, temperature, ethanol con- 
centration, and, in some steps of the procedures, the concentrations of 


* This is publication No. 189 of the Robert W. Lovett Memorial Laboratories for 
the Study of Crippling Diseases, Department of Medicine, Harvard Medical School, 
and the Massachusetts General Hospital, Boston, Massachusetts. Grants in support 
of these investigations have been received from the Helen Hay Whitney Foundation 
and from the National Institutes of Health, United States Public Health Service 
ae A-509). A preliminary report on this work has been published by Schmid and 

osa (25). 
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dipolar ions and of bivalent metallic ions. The fractionation procedure 
described in this publication is based on Methods 6 and 10. Fraction I! 
(in which fibrinogen is concentrated) was precipitated under conditions 
similar to those indicated in Method 6. The formation of Fraction II+III 
(y-globulin, and £@;-lipoproteins and a»-globulins, respectively), Fraction 


IV+V (a:-lipoproteins and other a2-globulins, and albumin, respectively), | 
and Fraction VI (glycoproteins) was carried out essentially according to | 


Method 10. The separation of Fraction II+III under these conditions 
resulted in the simultaneous separation of the two major groups of lipo- 
proteins. The extraction of the y-globulins from Fraction II+III could 
be performed in spite of the absence of fibrinogen and, in synovial fluid, 
even in the presence of a small amount of lipoprotein. A special investi- 
gation was carried out for the separation of the components of Fraction 
IV from those of Fraction V. 


Materials and Reagents 
Human Synovial Fluid 


The joint fluid was aspirated from knee joints of patients with rheuma- 
toid arthritis (1, 2). It was mixed immediately with 4 ml. of acid citrate 
dextrose (ACD) solution per 25 ml., cooled to 0°, and centrifuged at 
12,000 r.p.m. for 1 hour to remove the cells. 


Normal Human Plasma 


Blood was obtained by venipuncture from individuals in the fasting , 
Clotting was prevented by immediate mixing with 4 ml. of ACD | 


state. 
solution per 25 ml. of blood. After removal of the formed elements by 
centrifugation, 12 to 13 ml. of diluted plasma, designated as ACD plasma 
(pH 7.4), were recovered, cooled to 0°, and used for the subsequent frae- 
tionation, 

Reagents—- 

All reagents were freshly prepared and cooled to —5° before use, except 
when stated otherwise. 

ACD solution (13). 2.67 gm. of trisodium citrate (53H,O), 0.80 gm. 
of citric acid (1H,O), and 2.20 gm. of dextrose per 100 ml. of water. 

Reagent 1. 5.8 gm. of sodium chloride and 3.57 gm. of trisodium citrate 
per 1000 ml. of water. 

Reagent 2. Stock Solution 1, 200 ml. of 4 m sodium acetate and 400 ml. 
of 10 m acetic acid per 1000 ml. of water; pH 4.00 + 0.02, if diluted 80 
times. Stock Solution 2, 47 ml. of 95 per cent ethanol and 0.49 ml. of 


1 The nomenclature of the protein fractions is the same as that used in Methods 
6 and 10. 
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Stock Solution 1 per 100 ml. of water. Working solution, 38.5 ml. of 


‘Stock Solution 2 and 26.5 ml. of water. 


Reagent 3 (13). 200 ml. of 95 per cent ethanol, 40 ml. of 1 m sodium 
acetate, and 3.5 ml. of 1 m acetic acid per 1000 ml. of water (pH 5.83). 

Reagent 4.2. 150 ml. of 95 per cent ethanol, 45 gm. of glycine, 2.0 ml. 
of 1 M sodium acetate, and 1.4 ml. of 1 M acetic acid per 1000 ml. of water; 
pH 5.38 + 0.05. 

Reagent 5.2 150 ml. of 95 per cent ethanol, 45 gm. of glycine, 5 ml. of 
1 m sodium acetate, and 1.5 ml. of 1 m acetic acid per 1000 ml. of water; 
pH 5.51. 

Reagent 6 (13). 8.5 gm. of anhydrous sodium sulfate, 4.4 gm. of zine 
acetate (2H2O), and 362 ml. of 95 per cent ethanol per 1000 ml. of water. 

Reagent 7. 1.25 ml. of 1 M zine acetate, 4.6 gm. of barium acetate, 5.0 
ml. of 0.1 M acetic acid, 9.0 gm. of glycine, and 200 ml. of 95 per cent 
ethanol per 1000 ml. of water; pH 6.33. 

Reagent 8 (13). 10.2 gm. of barium acetate and 640 ml. of 95 per cent 
ethanol per 1000 ml. of water. 


Analytical Methods 


The methods for determining the pH value, the nitrogen content by 
Kjeldahl, the biuret value, the cholesterol content, and the quantity of 
protein-bound hexose are described by Cohn et al. (11, 12), Lever et al. 
(13), Russ et al. (14), and Schmid (4, 5). For the electrophoretic analyses, 
a Perkin-Elmer apparatus was used. 


Fractionation of Human Synovial Fluid 


Digestion of Hyaluronic Acid——25 ml, of synovial fluid (protein concen- 
tration 6.2 per cent) were incubated at 35° for 3 hours with 2.5 mg. of 
hyaluronidase’ (1400 turbidity reducing units per mpg.). Within less than 
2 minutes, the viscosity was reduced essentially to that of plasma. After 
| hour, the “mucin test”? described by Ropes and Bauer (1) was still posi- 
tive. After 3 hours, this test was negative, but salmine still formed in- 
soluble complexes with some of the digestion products of hyaluronic acid. 

Fraction I—After digestion, the synovial fluid was placed in a plastic 
centrifuge tube suspended in a bath set at —2°, and the fluid was stirred 
with a thermometer until the temperature was 0°. Then, 4.2 ml. of 47.5 
per cent ethanol, cooled to —22°, were added gradually in three parts, 


? The authors are indebted to Dr. Ella M. Russ, Cornell University Medical Cen- 
ter, New York, for the permission to publish the exact composition of these reagents. 

*The gifts of hyaluronidase from the Wyeth Institute for Applied Biochemistry, 
Philadelphia, and of salmine sulfate from Eli Lilly and Company, Indianapolis, are 
gratefully acknowledged. 
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thus lowering the temperature to —2°. After 20 minutes, the precipitate 
was centrifuged at 4500 r.p.m. for 30 minutes at —2° and washed with 7.5 
ml. of diluted Reagent 1 (40 ml. of Reagent 1 and 20 ml. of water) pre- 
cooled to 0°. The wash liquid was swirled in the centrifuge tube so as to 
cause the protein paste to break apart and thereby facilitate separation 
of the proteins and removal of the ethanol. After centrifugation, the 
white paste was suspended in 5 ml. of Reagent 1 and kept at room tempera- 
ture until dissolved. It was found that the paste would completely dis- 
solve within 1 hour if the preceding operation had been carefully per- 
formed. The solution was then weighed and stored at 5° for subsequent 
analyses. 

Precipitation of Fraction II+JII—The supernatant solution of Fraction 
I combined with the wash solution was cooled to —3° and carefully mixed 
with 7.5 ml. of 6 per cent ethanol, and then with 81 ml. of Reagent 2 cooled 
to —10°. The temperature of the mixture was thereby lowered to —5-°. 
All subsequent steps were carried out at —5°. At this stage, the pH of 
the suspension should be between 5.80 and 5.90. For maximal precipita- 
tion of the y-globulins, the suspension was kept for 1 hour at —5° before 
centrifuging. The resulting paste was washed with 125 ml. of Reagent 3. 
To insure the extraction of the y-globulins in the following step, the pH 
of the latter suspension should be 5.80 + 0.02. The insoluble material 
was centrifuged immediately. The precipitate, Fraction II+III, and the 
supernatant solution containing Fraction IV+V-+VI were simultaneously 
processed as follows. 


Fraction III (Extraction of Fraction II from Fraction [1+III)—Frac- — 


tion II+III was suspended, at 5°, in 125 ml. of Reagent 4, stirred occa- — 
sionally, and allowed to stand for at least 1 hour before centrifugation. | 


The residue, Fraction III, was reextracted with 50 ml. of Reagent 5 and 
centrifuged immediately. The insoluble material was dissolved by adding 
8.0 ml. of cold 0.15 mM sodium chloride solution and was kept at 5° like 
the other fractions. 

Fraction [1—The combined extracts of the preceding step were mixed 
with 75 ml. of Reagent 5, cooled to —5°, and 250 ml. of Reagent 6, cooled 
to —12°. The suspension was allowed to stand for at least 1 hour and 
was then centrifuged. The residue, Fraction II, was dissolved in 4.4 ml. 
of cold 0.15 mM sodium chloride solution. All solutions which contained a 
protein fraction previously precipitated by bivalent metallic ions were also 
mixed with 0.2 ml. of 20 per cent neutralized ethylenediaminetetraacetic 
acid (EDTA) to chelate the zine and barium ions. If the proteins left in 
the supernatant solution of Fraction II were to be investigated, this solt- 
tion was mixed with EDTA, dialyzed against water at 2°, and lyophilized. 
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Precipitation of Fraction IV+V—The supernatant solution of Fraction 
II+III was mixed with 5.0 ml. of 1 M aqueous zine acetate which brought 
about immediate formation of a copious precipitate. If time did not allow 
the removal of the precipitate and its resuspension in Reagent 7, it was 
found advantageous not to centrifuge Fraction IV+V, because the hard 
packed zinc proteinate paste undergoes certain changes which render ex- 
traction dificult and incomplete (18). After standing for at least 1 hour, 
the insoluble material was removed. Residue and supernatant solution 
containing Fraction VI were treated as follows. 

Fraction IV (Extraction of Fraction V from Fraction IV +V)—Fraction 
IV+V was suspended in 350 ml. of Reagent 7, cooled to —10°. It is im- 
portant to ascertain that the pH value (6.03 to 6.06) of the suspension is 
correct. If the operation was carried out properly, the turbidity of the 
suspension appeared to be relatively slight and its color was pale yellow. 
A white color indicated the presence of too large an amount of albumin 
in the insoluble state. The insoluble material, Fraction IV, was centri- 
fuged after 13 hours and dissolved in 3.5 ml. of cold 0.15 M sodium chloride 
solution. 

Fraction V—The supernatant solution from the preceding step was 
mixed with 94 ml. of 47.5 per cent ethanol, cooled to —22°, and with 8.9 
ml. of 1 M zine acetate. After 1 hour, the precipitate was centrifuged and 
the paste. Fraction V, was dissolved in 10 ml. of cold water. 

The proteins left in the supernatant solution were concentrated in the 
same way as indicated for those present in the supernatant solution of 
Fraction IT. 

Fraction VJ—The supernatant solution of Fraction IV+V was mixed 
with an equal amount of Reagent 8, cooled to —20°. The suspension was 
centrifuged after 1 hour and the precipitate was dissolved with 4.0 ml. of 
cold EDTA solution, dialyzed against cold distilled water, and lyophilized. 

Washing Procedure—The protein pastes which had to be washed or ex- 
tracted were all treated in the same manner. The pastes were mixed with 
the small amount of supernatant solution left in the centrifuge tube to’ 
give a homogeneous suspension. Then, the reagent to be used was added 
dropwise while great care was taken that the suspension remain homoge- 
neous during the whole process. Finally, the reagent was added in larger 
aliquots and the suspension was kept stirred. 

Adjustments Due to Variation of Protean Concentration in Synovial Fluid 
—If the protein concentration of the joint fluid was lower than 6 per cent, 
the volume of the solutions used for extracting Fraction II from Fraction 
If+11f and Fraction V from Fraction IV-+V was decreased accordingly, 
a protein concentration of 7 per cent being taken as normal. 
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Fractionation of Nermal Human Plasma 


Normal human ACD plasma‘ was fractionated according to the method 
described above. The scheme of the method is given in Fig. 1, which 


indicates the conditions for the isolation of the six fractions. If all the | 


analyses mentioned in Table I were carried out, 20 ml. of ACD plasma 
were required. The term “plasma volume”’ or PV is defined as follows: 
5 PV means that the volume to be fractionated was 5 times that of the 


original plasma volume. 


Results 
Synovial Fluid 


For this investigation joint fluid from five patients with rheumatoid 
arthritis was kept frozen at —30° and pooled before fractionation was 
performed. Although ACD solution had been added, the fluid clotted. 
The electrophoretic distribution of the proteins of the combined fluids 
presented the features that are considered typical of arthritic joint fluid. 
The protein distribution of each of the six fractions, chemically and elec- 
trophoretically, was, by and large, the same as that of the plasma fractions 
(Table I). However, the following differences were noted: Fraction I 
clotted, although it had been dissolved in aqueous citrate-sodium chloride 


solution. The amount as well as the purity of the y-globulins was found ; 


to be lower than those of the corresponding plasma fraction. The distri- 
bution of the lipoproteins, which differed from that of plasma, might be 


the reason for this observation and could also account for the high content — 
of y-globulin in Fraction III. As judged by optical density measure- — 


4 Normal human plasma was obtained through the courtesy of Dr. R. B. Pennell, 
Harvard Medical School, and Dr. J. L. Tullis, Blood Characterization and Preser- 
vation I aboratory, Boston. 

5’ Further simplification of the procedure was sought by direct precipitation of 
Fraction IV from the supernatant solution of Fraction II+III followed by the pre- 
cipitation of Fraction V, thus eliminating one step, 7.e. the precipitation of Fraction 
IV+V. It should be pointed out that the supernatant solution of Fraction II+III 
combined with the corresponding wash solution represents 12 times the original vol- 
ume, of which the sodium ion concentration was 40 mm. The influence of the ionic 
strength of 0.04 upon the solubility of the components of Fraction IV was studied 
and optimal conditions for the precipitation of this fraction were found to be 14 
PV, 19 per cent ethanol, —5°, 18 mm BaAco, 7 mm ZnAco, 0.12 mM glycine, 40 mu 
sodium ions, and pH 5.9 + 0.05. 12 hours were required for the complete precipi- 
tation of Fraction IV. The amount of protein in Fraction IV was only 180 mg. per 
100 ml. of plasma and its electrophoretic distribution showed 29 per cent albumin, 51 
per cent a,-, 8 per cent as, and 6 per cent 8,-globulins. Fraction V contained ap- 
proximately 3300 mg. of protein per 100 ml. of plasma and its electrophoretic anal- 
ysis revealed 90 per cent albumin, 1 per cent a)-, 4 per cent ae-, and 5 per cent Br 
globulins. 
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ACD plasma 


1.2 0.14, pH 7.2, 8% ethanol, —2° 


Fraction I Supernatant 
(fibrinogen) 
(cold insoluble globulin), 


5 PV,I/2 0.04, pH 5.8, 19% ethanol, —5° 


Fraction II + III 


Extraction: 5 PV, 1'/2 0.005, pH Add 1 m ZnAcz to give 0.02 m | 
5.5, 14% ethanol, —5°, 0.60 m 
glycine 
Fraction III Fraction II Fraction Fraction VI 
(8-lipoproteins) (y-globulins) IV+ V (a;-acid glycopro- 
(caeruloplasmin) tein) 
(isoagglutinins) (a2-glycoproteins) 


Extraction: 14 PV, I'/2 0.02, pH 6.0, 
19% ethanol, —5°, 0.005 m ZnAcz, 
0.018 m BaAce, 0.12 m glycine 


Fraction IV Fraction V 
(a1-lipoproteins) (albumin) 
(a2-mucoproteins) (21-metal-binding 
(ae-glycoproteins) protein) 


Fic. 1. Normal human plasma. Scheme for the fractionation of the proteins 


ments, the first extraction of Fraction I[+III removed about 75 per cent 


of the extractable material. More than two extractions or extractions 
with larger volumes did not increase the yield of y-globulin. It is im- 
portant to point out that the cholestrol content of Fraction IV was con- 
sistently found to be lower than that of the corresponding plasma fraction. 
Determination of protein-bound hexose showed that the Fractions I to 
IV contained between 1.5 and 3.0 per cent and Fraction V and Fraction 
VI 0.7 and 10 per cent of hexose, respectively. 

The detailed characterization of the synovial fluid proteins will be pub- 
lished later. 


Normal Human Plasma 


The analyses of normal human plasma and of the six fractions are sum- 
marized in Table If. They represent the average of eight runs. The 
given average values, as far as known, agree with those reported by Cohn 
eal. (12), Lever et al. (13), Russ et al. (14), and Young and Weber (19). 
The amount of protein and the electrophoretic distribution of the fractions 
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776 HUMAN SYNOVIAL FLUID AND PLASMA 
as well as the cholesterol content of whole plasma, Fraction III, and Frac- 
tion IV are in good agreement with those reported by the above mentioned 
authors. The known protein components concentrated in the individual 


TABLE I 


Fractionation of Proteins; Pooled Human Synovial Fluid from Patients with 
Rheumatoid Arthritis 


Fraction |Protein,* | Electrophoresis at pH 8.6t 
synovial fluid) Albumin | Giobulin | Globulin Glgbalin | Globulin {7-Globulin 
Fluid 6248 204 @ i 3% 5 18 6 23 
I 332 Clotted 
II 352 16 16 7 16 45 
III | 1476 | 156 3 7 10 26 12 42 
5 4387 4 3 8 
VI | 54 4 7 7 


Blanks, not determined; —, nil. The electrophoretic distribution of the pro- 
teins remaining in Fraction I after clotting was 34 per cent albumin, 4 per cent 
ai-, 7 per cent a2-, 9 per cent §:-, 17 per cent 82-, and 29 per cent y-globulins. 

* Biuret value. 

In diethylbarbiturate buffer; ionic strength 0.10. Values in relative percentage. 

t By paper electrophoresis according to Grassmann and Hannig (26); see also 
Herbst*and Hurley (27). 


TABLE II 
Fractionation of Proteins; Normal Human Plasma 
Protein,* |Cholesterol, Electrophoresis at pH 8.6f 
Fraction |mg. per 100 | mg. per 100 
No. ml. of mi. of ai- Bi- B2- Fibrino- 
Albumin Globulin} Globulin} Globulin Globulin gen Globulin 

Plasma 7950 230 52 4 8 18 7 11 
I 507 + 7 1 6 13 _ 65 8 
II 835 + | 2 2 1 4 4 — 87 
III |= 1421 160 1 6 23 52 17 _ 11 
IV 582 27 14 12 3 + 


Blanks, not determined; —, nil; +, trace. 

* Biuret value. 

t In diethylbarbiturate buffer; ionic strength 0.10. 
percentage. 

t See Schmid (4). 


Values expressed in relative 
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fractions are indicated in Fig. 1. The content of protein-bound hexose, 
as measured by the orcinol method, ranged between 1.5 and 3.0 per cent 
(13), except that of Fraction V which contained only 0.5 to 0.8 per cent 
and that of Fraction VI which averaged 9 per cent. 

For the extraction of the y-globulins from Fraction II+III in the ab- 
sence of the proteins of Fraction I, the conditions indicated by Russ e¢ al. 
(14) proved to be satisfactory. The acidity of Reagent 4 described by 
this author is such that the pH value of the suspension of Fraction II+III 
is shifted from 5.8 to 5.5, which was found to be the optimal value for the 
extraction of the y-globulins. Fraction IV obtained by this procedure 
contained the a-lipoproteins and a2-muco- and glycoproteins (20) as 
judged by solubility. It did not contain caeruloplasmin (21), which was 
concentrated in Fraction III, and 6;-metal-combining protein (22), which 
was extracted in Fraction V, as measured by the iron-binding capacity of 
the proteins of these two fractions. The relative percentage of albumin 
in Fraction IV averaged 44 per cent. The main constituents of Fraction 
V were albumin and £8,-metal-combining protein. This fraction contained 
16 to 18 per cent of the cholesterol of the a:-lipoprotein. From these re- 
sults it cannot be decided whether or not the a-lipoprotein represents a 
homogeneous component or a group of lipoproteins with different solu- 
bility properties. The amount of protein of Fraction VI could not be de- 
termined by optical density measurements at 278 mu of the supernatant 
solution of Fraction 1V+V because of the presence of absorbing non-pro- 
tein components. ‘The proteins left in the supernatant solution of Fraction 
II (designated as SII in Table II), as well as those of the supernatant solu- 
tion of Fraction V (designated as SV), were analyzed electrophoretically 
and their amount was determined by the biuret method. The components 
of the supernatant solution of Fraction VI (4) were not investigated. 


Fractionation of Normal Human Plasma after Incubation 
with Hyaluronidase 


25 ml. of normal human plasma were incubated at 37° with 4 mg. of 
hyaluronidase (1040 turbidity reducing units per mg.) for 2 hours. This 
sample was fractionated simultaneously with the same amount of untreated 
plasma. Each fraction was investigated electrophoretically and analyzed 
for protein and cholesterol. Within the error of the applied methods, no 
differences between untreated and hyaluronidase-treated plasma could be 
found. 


Effect of Freezing and Melting of Normal Human Plasma on 
Cholesterol Distribution 


Normal human plasma was slowly frozen at —30° and then brought to 
room temperature and allowed to thaw. This operation was repeated 
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twice. After fractionation of this as well as of fresh plasma, the choles- 
terol content of Fraction II+III and Fraction IV+V was measured. 
Essentially the same cholesterol distribution was found in both samples, 


DISCUSSION 


The fractionation procedure described allows the separation of the known 
major protein components of synovial fluid and plasma into individual 
fractions and facilitates the study of the minor components, especially 
those of Fraction III and Fraction IV. 

The separation of the components of Fraction IV from albumin is a 
difficult problem, for it involves the removal of the minor components of 
Fraction IV+V which represent approximately 20 per cent of this fraction. 
In Method 6 this was achieved in two steps by isoelectric precipitation 
of the components of Fraction IV at acid pH values. In the procedure’ 
described here, this separation was attempted at neutral pH value by tak- 
ing advantage of the interaction of bivalent metallic ions with proteins 
and represents an outgrowth of the work described in Method 10. These 
investigations showed that the solubility of albumin and 6,-metal-combin- 
ing protein of Fraction 1V+V, at pH 6.0 and 19 per cent ethanol, was 
essentially dependent on the zinc ion concentration. Barium ions did not 
seem to influence the solubility of these plasma constituents. At zine 
concentrations lower than 4 mM, as well as at concentrations higher than 
6 mM, a large amount of albumin remained insoluble. The maximal solu- 
bility occurred close to 5 mm, and, by selecting properly the volume of 
the reagent for the extraction of Fraction IV+V, approximately 94 per 
cent of the albumin could be rendered soluble. Moreover, an attempt 
was made to keep the a- and 6-globulins of Fraction IV+V, except the 
3,-metal-combining protein, in the insoluble state. This was achieved at 
a barium ion concentration varying between 15 and 25 mm. The optimal 
conditions for the separation of Fraction IV from Fraction V were found 
to be at pH 6.00 + 0.03, 5 mM zinc acetate, 18 mm barium acetate, 0.12 
M glycine, 19 per cent ethanol, —5°, and a volume equal to 14 times that 
of the original synovial fluid or plasma volume. Fraction V contained 
albumin in a purity of 92 per cent. The cholesterol content of this fraction 
amounted to approximately 0.2 per cent. 

Prior to the fractionation of the synovial fluid proteins, hyaluronic acid 


° During the study of the extraction of Fraction IV from Fraction IV+V, observa- 
tions were made which were similar to those found while investigating the solubility 
of acid glycoprotein (4). In ethanol-water mixtures at low ionic strength, the solu- 
bility of acid glycoprotein as a function of bivalent metallic ions showed a maximum 
at about 1 mm. At lower concentrations such ions exhibited a salting in effect; at 
higher concentrations the protein was precipitated as a metal ion complex. At a 
concentration higher than 15 mm the solubility reached a constant value. 
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was digested with hyaluronidase. For the digestion only about 0.2 per 
cent of enzyme was required with respect to the amount of protein present 
in joint fluid. As shown by Sundblad (23), hyaluronidase does not liberate 
hexosamine from plasma proteins, and, as judged by the results presented 
here and in a later publication, the proteins in synovial fluid do not seem 
to be altered by hyaluronidase or by other enzymes possibly present in 
the enzyme preparation. 

During the study on the influence of hyaluronic acid upon the fractiona- 
tion of the proteins, separation of the synovial fluid proteins without re- 
moval of the hyaluronic acid, as well as the possibility of the removal of 
the hyaluronic acid with protamine,’ was investigated. The addition of 
zinc ions as zinc diglycinate (Method 12) (17) or as acetate to synovial 
fluid led to the formation of insoluble components with gel-like properties. 
Electrophoretic analysis showed that the zinc precipitate contained a large 
percentage of albumin, whereas the corresponding fraction of plasma con- 
tained only a small amount of this protein. It was concluded that cer- 
tain bivalent metallic ions led to the formation of cross-linkages between 
protein and hyaluronic acid, thereby rendering fractionation difficult. The 
addition of salmine to synovial fluid precipitated the hyaluronic acid’ in- 
stantaneously (24). However, an excess of this reagent was needed for 
complete removal, since the proteins of synovial fluid also bind salmine 
but without formation of an insoluble phase. Fractionation of the protein 
in solution following removal of the hyaluronic acid by salmine, by Method 
10 or Method 12, led to a fraction corresponding to Fraction I+II+III 
of plasma which consisted of about 50 per cent albumin. 


SUMMARY 


A method is described for the fractionation of the proteins of human 
synovial fluid into six fractions. This method, based on the low tempera- 
ture, low salt, ethanol procedure, was applied to normal human plasma. 


7 To 20 ml. of synovial fluid, 10 ml. of aqueous 1 per cent salmine solution had to 
be added. The precipitation was completed within 30 seconds. After this time the 
voluminous precipitate contracted. The insoluble material was removed within 90 
seconds so as to obtain a clear solution from which globulins started to precipitate 
slowly, owing to the decreased ionic strength. If the ionic strength was kept con- 
stant by adding salmine in 0.15 m sodium chloride solution to synovial fluid, no in- 
soluble component was formed. For the removal of the major part of the protein, 
the precipitate was dissolved in 3.5 m NaCl solution and dialyzed against water. 
This process was repeated by dialysis against 3.5 m saline solution to separate most 
of the salmine. No insoluble material was formed by further dialysis against water. 
The solution of hyaluronic acid measured by the glucosamine content still contained 
arelatively high percentage of protein and protamine as calculated from the tyrosine- 
histidine content and the arginine content (total arginine minus arginine of protein), 
respectively. 
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An additional study was carried out for the separation of the protein com. 
ponents of Fraction TV from those of Fraction V. The properties of the 
protein fractions obtained from synovial fluid are compared with those 
derived from plasma and their similarities and differences are noted, 


The technical assistance of Miss Virginia R. Farrell and Mrs. Juliet ©, 
MeGlynn who performed the electrophoretic analyses is gratefully acknowl. 


edged. 
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METABOLISM OF PROTOCATECHUIC ACID BY 
NEUROSPORA* 


By S&S. R. GROSS,F R. GAFFORD, ano L. TATUM 


(From the Department of Biological Sciences, Stanford University, 
Stanford, California) 


(Reeeived for publication, August 23, 1955) 


A mutant strain of Neurospora crassa, Y7655a, which requires for growth 
either phenylalanine, tyrosine, tryptophan, and p-aminobenzoic acid in 
combination or shikimie acid alone, was found to be blocked in the con- 
version of dehydroshikimic acid to shikimic acid. Some debydroshikimie 
acid was accumulated during growth, but the major accumulated product 
was protocatechuic acid (3,4-dibydroxybenzoic acid) (1). Characteris- 
tically, this strain quantitatively metabolizes its accumulated protocate- 
chuic acid after exhaustion of the glucose or sucrose provided as the original 
carbon source. 

This phenomenon seemed of interest because of its apparent similarity 
to the ‘‘diauxie’”’ frequently observed in inducible enzyme systems (2). 
Furthermore, it allowed an extension of the investigations of the metabo- 
lism of protocatechuic acid heretofore carried out with bacteria (3-5) to 
Neurospora. 

This paper is primarily concerned with the biochemical transformations 
involved in the oxidation of protocatechuic acid to 6-ketoadipiec acid. We 
have succeeded in separating the enzymes involved. The first, protocate- 
chuic acid oxidase, which catalyzes the oxidation of protocatechuic acid 
to 8-carboxymuconic acid (4), has been demonstrated to be present in ex- 
tracts of the mutant strain. Little or no enzyme could be found in ex- 
tracts of the wild type unless it had been exposed to protocatechuic acid 
or an inducing analogue during growth. The second, a lactonizing enzyme, 
converts 6-carboxymuconic acid to its corresponding lactone which has 
been identified as (B-car- 
boxymuconolactone). The enzyme system responsible for the conversion 
of 8-carboxymuconolactone to 6-ketoadipic acid will be referred to as the 


* This investigation was supported in part by a research grant, No. C2167, from 
the National Cancer Institute of the National Institutes of Health, Public Health 
Service, and by a grant from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council. 

t Postdoctoral Research Fellow of the National Cancer Institute, Public Health 
Service. 

t Present address, United States Air Force School of Aviation Medicine, Ran- 
dolph Air Force Base, Texas. 
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delactonizing enzyme, although the reactions involved are surely more 
complex than the name implies. The lactonizing and delactonizing en- 
zymes are constitutive, since their presence and concentration in extracts 
are essentially independent of previous exposure to protocatechuic acid, 


Materials and Methods 


Biological. A wild type strain SYda and a mutant strain Y7655a of N. 
crassa were used as sources of mycelia for these experiments, ‘These straing 
were routinely grown on minimal Pries medium (6) with glucose per 
cont) as the earbon source, ‘The nutritional requirements of the mutant 
were satishied by use of a supplemented with 0.05 of peamino- 
benzo acid, 0.025 mp. of tyrosine, 0.025 mp. of anthranihe acid, and 0.05 
my. of phenylalanine per mil (Cb), 

Protocatechuie acid oxidase is essentially absent im extraets of SY4da 
grown under these conditions, A non-substrate analogue of protocatechuie 
acid, vanillic acid, was found to be superior to protoecatechuie acid as an 
inducer of oxidase synthesis (7). The wild type was grown in the presence 
of vanillic acid (150 y per ml.) when oxidase activity was desired. 

Pseudomonas fluorescens, strain A.3.12, grown on p-hydroxybenzoie acid 
was the source of bacterial protocatechuic acid oxidase (4). The same 
strain grown on bi-mandelic acid was the source of the catechol-oxidizing 
system (8). 

Chemical—The protocatechuic acid used was a commercial product 
(Reheis) and was recrystallized from water before use. Vanillic acid was 
synthesized from vanillin by the method of Pearl (9). The active isomer | 
of B-carboxymuconic acid, c7s,cis-muconic acid, and the synthetic lactone 
of muconice acid ((+),(—)-y-carboxymethyl-A*-butenolide) were the gifts 
of Dr. R. Y. Stanier and Dr. W. R. Sistrom. The synthetic lactone of 
B-carboxymuconic acid was generously provided by Dr. D. L. MacDonald. 
N-Phenylmaleimide was obtained from Dr. J. van Overbeek. 

Preparation of Extracts—The mycelia obtained after 3 to 4 days of growth 
at 30° in 2.5 liter Fernbach flasks containing 500 ml. of medium were fi- 
tered and washed three times with distilled water. The mycelia were 
then frozen with liquid nitrogen and ground with mortar and pestle; liquid 
nitrogen was added periodically to keep the material frozen. The finely 
ground material was extracted with 3 to 5 ml. of water per gm. wet weight 
for 1 hour at 5° with gentle stirring. The insoluble material was removed 
by low speed centrifugation and the supernatant solution was lyophilized 
or used directly. 

Analytical—Optical measurements were made with a Beekman model 
DU spectrophotometer with cells having a light path of 0.5 cm. in essen- 
tially the same manner as described by Stanier and Ingraham (4). Prote- 
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catechuic acid, the active isomer of B-carboxymuconic acid, and f-car- 
boxymuconolactone have characteristic ultraviolet absorption spectra. 
The concentration of the compounds was calculated by solving the simul- 
taneous equations derived from optical density measurements of the re- 
action mixture at 220, 270, and 290 my. At pH 7 the extinction coefficients 
of the three compounds are as follows: 
220 270 200 

Active f-carboxymuconie aeid (400 

A Carboxymuconolactone 10,100 


6-Ketoadipie acid is essentially transparent in the ultraviolet region and was 
determined quantitatively by eatalytie decarboxylation with aniline citrate 
(10). Protein was determined by the biuret method deseribed by Weich- 
selbaum (11) with bovine serum albumin as the reference standard, Con- 
ventional manometric techniques were employed. The reactions were 
run at 33° in an air atmosphere. 


Results 


Metabolism of Protocatechuic Acid by Crude Cell-Free Mycelial Extracts— 
Intact mycelia of the wild type strain of Neurospora (SY4a) will metabo- 
lize protocatechuic acid after a long lag period in the absence of an alterna- 
tive carbon source with the production of a trace of keto acid. Stanier 
(3) reported that in cell-free extracts of P. fluorescens the oxidation of pro- 
tocatechuic acid proceeds only as far as B-ketoadipic acid. Cell-free 
extracts of vanillic acid-induced (adapted) mycelia of SY4a were prepared 
and the oxidation of protocatechuic acid was followed manometrically. 

The data presented in Table I indicate that crude dialyzed and undia- 
lyzed lyophilized extracts of induced Neurospora mycelia will oxidize proto- 
catechuic acid with the uptake of 1 mole of oxygen, the evolution of slightly 
more than 1 mole of carbon dioxide, and correspondingly with the pro- 
duction of less than 1 mole of 6-keto acid. Although the stoichiometry 
does not exactly correspond to the expected equimolar oxygen uptake, 
carbon dioxide evolution, and 8-keto acid production, the degree of corre- 
spondence indicates that the over-all reaction is similar to that reported 
for bacterial systems (12). The slight excess of carbon dioxide evolved 
and the corresponding decrease in yield of 6-keto acid probably reflect 
the instability of the end-product or one of the intermediates during the 
comparatively long incubation period required for completion of the re- 
action. 

The product of this reaction was isolated and proved to be 6-ketoadipic 
acid. For this purpose 135 mg. of protocatechuic acid were oxidized by 
800 mg. of a crude lyophilized extract of induced mycelia in 600 ml. of 
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784 METABOLISM OF PROTOCATECHUIC ACID 
0.1 m phosphate buffer at pH 7.25. The reaction was followed mano- 
metrically in a suitable aliquot. The 8-ketoadipic acid was isolated and 
crystallized twice from ethyl acetate-petroleum ether as described pre- 
viously (12). 
tion between 119-121°.! 
120-121° and a mixture of the two melted between 119-121°. 
synthetic and isolated samples of B-ketoadipic acid reacted slowly with 


TaBLE 
Oxidation of Protocatechuic Acid by Crude Cell-Free Extracts of Induced 
Mycelia of Neurospora 

In experiment 1, a lyophilized cell-free extract of strain SY4a grown in the preg. 
ence of vanillic acid was used. In lexper:ment 2, a similar preparation, previously 
subjected to dialysis against 4 liters of water for 1S hours, was used after lyophiliza. 
In both cases 20 mg. of extract were dissolved in 3 tml, of OL M phosphate buf- 
fer at 7.25 per Warburg vessel, lixperiment 1, 7.26 pmoles of protocatechuic 
neid were ndded and in lexperiment 2, 7.28 pmoles, The temperature of the path 
waa A Keto produced was determined by decarboxylation with aniline 
citrate, ‘These renelions required Sto d hours to reach completion at the eoncen 

tration of enzyme employed 


tion. 


Peperiment Ne (hy uptake (0), evoblution (Oy from keto acid 
pmmoles pnoles 
700 47 
7.22 28 
7.50 8.18 6.04 
% of theoretical |. 90.5 112 00.5 
2 7.60 8.22 6.83 
7.41 7.96 6.76 
7.41 8.04 6.57 
% of theoretical........ 103 111 92.5 


— 


2 ,4-dinitrophenylbydrazine to give the phenylhydrazone of levulinic acid, 
m.p. 206-208°; mixed melting point 205-208°. 


Purification of Protocatechuic Acid Oxidase 


The procedures employed for the separation of the oxidase from other 
enzymes in the sequence were essentially those of Stanier and Ingraham 
(4). Heating and treatment with protamine sulfate and deoxyribonv- 
clease, however, were unnecessary. Repeated treatment with alumina 
Cy at pH 10.5 was required for effective separation. This method usually 


1 All melting points are uncorrected. 


The biologically prepared material melted with gas evolu- | 
Authentic 8-ketoadipic acid melted between ' 
Both the . 
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resulted in an approximately 5-fold concentration of the enzyme on a pro- 
tein basis. Another method, recently employed, has proved more effec- 
tive. ‘Treatment of a water extract of ground, induced Neurospora my- 
celium, 4 ml. of water per gm. wet weight of mycelium, with 0.1 volume of 
calcium phosphate gel removed all of the oxidase activity from solution. 
Subsequent elution from the gel with 0.05 m phosphate buffer at pH 6.4 
and treatment with alumina Cy at pH 10.5 resulted in a 15-fold purifica- 
tion. Neither of these methods, however, results in the complete separa- 
tion of oxidase activity from those of enzymes subsequent to it in the se- 
quence. ‘This is in part due to the fact that Neurospora extracts contain 
much more lactonizing and delactonizing activity than they do oxidase ae- 
tivity. 

The kinetics of the disappearance of protocatechuic acid and of the pro- 
duction of A-carboxymuconic acid by purified Neurospora oxidase is pre- 
sented in lig. 1. ‘The rate of disappearance of protocatechuic acid is es- 
sentially linear until rate-limiting concentrations are reached, More than 
per cont of the protocatechuic acid supplied was converted to J-carboxy- 
muconic acid; however, it in obvious that f-carboxymuconic acid waa being 
removed slowly, More than 65 per cent of the fecarboxymuconic acid 
aynthesized was present after the complete disappearance of protocatechuic 
acid. ‘This suggests that the reaction is essentially irreversible and is in 
agreement with results reported for completely resolved Pseudomonas oxi- 
dase (4). 

The absorption spectrum of the ultraviolet-absorbing material accumu- 
lated by preparations of the oxidase is presented in Fig. 2. The spectra 
of the compound accumulated and of the authentic active isomer of B-car- 
boxymuconic acid are essentially identical. Furthermore, identjcal spec- 
tral shifts, characteristic of cis —> trans isomerization, are dem onstrated 
by both compounds upon heating (30 minutes at 100°). 

Further Characteristics of Neurospora Protocatechuic Acid Ozxidase— 
Neurospora oxidase is stable for long periods when kept at 5° or when lyo- 
philized. It is inactivated upon heating (3 minutes at 50°) and resistant 
to ultraviolet irradiation (3.8 X 104 ergs per mm.?). No inhibition by 
arsenate (7 X m), iodoacetate (3 X 10-4 Mm), semicarbazide (3 1075 
u), N-phenylmaleimide (1 X 10-? m), fluoride (6 X 10-? m), or cyanide 
(2.7 X 10-* m) was noted. It is competitively inhibited by 2,4-dihy- 
droxybenzoic acid. Its pH response is essentially identical to that re- 
ported for the Pseudomonas oxidase (4) and its activity varies propor- 
tionally with protein concentration. Rigorous dialysis against distilled 
water did not reduce activity appreciably and additions to dialyzed prep- 
arations of extracts of liver, yeast, or Neurospora did not stimulate the 
oxidation. Methylene blue does not replace oxygen as an electron accep- 
tor in this system. | 
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The enzyme is drastically inhibited by excess substrate. It is not known 


whether this inhibition is due to the substrate itself or a quinone formed in 
low concentrations at the pH employed. This inhibition is partly reversi- 
ble by dilution. 
10 
0.25 
9 
/ 4 8 
7} 
0.15+ 
4h 
0.05} 
4 
MINUTES MILLIMICRONS 
hia, 1 hia, 2 


1. The conversion of protocatechuic acid to carboxymuconic acid by re. 
solved protocatechuic acid oxidase, Concentrations of the two compounds were 
determined by optical density measurements at 270 and 200 mp. The reaction mixture 
contained 0.27 pmole of protocatechuic acid in 1.0 ml. of phosphate buffer, pH 7, 
and 0.5 ml. of resolved oxidase, This was used against a blank containing enzyme 
and buffer only. @, concentration of protocatechuic acid; O, concentration of 
A-carboxymuconic acid. The dash curve represents the expected accumulation of 
B-carboxymuconie acid. 

Fia. 2. Ultraviolet absorption spectra of authentic B-carboxymuconic acid and the 
compound accumulated by the action of resolved oxidase on protocatechuic acid. 
A and B, absorption spectra for the accumulated compound and the active isomer of 
B-carboxymuconic acid, respectively; D and C, spectra after heating for 30 minutes 
at 100°. 


Purification of Lactonizing Enzyme—The absorption spectrum of the 
products of protocatechuic acid oxidation by partially purified oxidase 
often revealed the presence of a compound absorbing strongly at 220 mp 
and only slightly at 270 mu. The difference in the absorption spectra d 
B-carboxymuconic acid and this presumed intermediate allowed a simple 
and rapid assay for the extent of purification of the enzyme responsible 
for the synthesis of this compound from #-carboxymuconic acid. 
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Complete separation of this enzyme from others in the sequence was ob- 
tained by the following procedure: 1 gm. of ground, lyophilized, induced, 
wild type mycelium was rigorously dialyzed against 10 liters of distilled 
water for 18 hours in a continuous flow device. The dialyzed material 
was centrifuged at high speed (20,000 < g for 30 minutes) and the volu- 
minous precipitate was discarded. The resulting aqueous solution (about 


‘ 60 ml.) was made 0.002 m with respect to phosphate at pH 6.5, then treated 


with 0.1 volume of calcium phosphate gel for 0.5 hour with gentle shaking. 
After removing the gel by centrifugation (3000 X g), more than 90 per 
cent of the original activity was recovered in the supernatant solution. 
The pH was adjusted to 6.9 with 0.1 m phosphate and the calcium phos- 
phate gel treatment was repeated until spectrophotometric analysis of the 
activity of the supernatant solution indicated that no delactonizing en- 
zyme was present. Both the delactonizing enzyme and the oxidase can 
be eluted from the gel with 0.2 m phosphate buffer at pH 7.5. 

Isolation of Lactone—The difficulty encountered in obtaining the Neuro- 
spora oxidase free of the lactonizing and delactonizing enzymes precluded 
its use for the production of large amounts of B-carboxymuconic acid. 
Purified Pseudomonas oxidase was used for this purpose and the trisodium 
salt was prepared by the method of MacDonald ef al. (13) but not crystal- 
lized. Lactonizing enzyme prepared from 1 gm. dry weight of Neurospora 
in 60 ml. of about 0.006 m phosphate buffer was added in two portions 
(about 2 hours apart) to 230 mg. of the trisodium salt of B-carboxymuconic 
acid in 30 ml. of water. Fluctuations of pH and changes in optical density 
at 220 and 270 my were followed throughout the reaction, ‘The reaction 
ismarked by drastic increases in pH; hence, periodic adjustment to pH 
7 with 0.1 N was required. 

After the reaction reached equilibrium, the pI of the reaction mixture 
was adjusted to 2.5 and the solution was extracted twice with equal vol- 
umes of ether. Previous experience had indicated that the residual B-car- 
boxymuconic acid is more easily extracted with ether than the lactone; 
hence these ether fractions were combined and set aside. The aqueous 
phase was centrifuged and the volume of the supernatant solution was 
reduced to 25 ml. by lyophilization, then extracted five times with 50 
ml. portions of ether. The ethereal extracts were combined and the volume 
was reduced in vacuo and dried over P,O;. The brownish glassy residue 
was dissolved in ethyl acetate and crystallized twice from ethyl acetate- 
benzene. 70 mg. of a white crystalline powder were obtained. An addi- 
tional 20 mg. of 80 per cent pure material were obtained similarly from the 
first two ether extracts. 

Physical Properties of B-Carboxymuconolactone—The crystalline material 
easily formed a hydroxamic acid in alkali, as determined by the method of 
Hestrin (14). 
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C;H.O. 
Calculated. C 45.17, H 3.25, neutralization equivalent 93.0 
Found. ** 44.94, 45.03, H 3.23, 3.32, neutralization equivalent 90.5 


A sample of the lactone synthesized from the inactive isomer of B-car- 
boxymuconic acid by MacDonald et al. (13) had a melting point of 176- 
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Fig. 3. Ultraviolet absorption spectra of biosynthetic and synthetic B-carboxy- 
muconolactones. The curve is that obtained for the two lactones (the points were 
superimposable); points calculated for the compound synthesized from B-carboxy- 
muconic acid by the lactonizing enzyme. The values were derived from a complete 
spectrum of the equilibrium mixture after correction for residual B-carboxymuconic 
acid (see Fig. 5). 

Kia. 4. Infra-red spectra of biosynthetic @-carboxymuconolactone (1) and the 
synthetic lactone (II). The speetra were obtained with a Perkin-lMIlmer model 21 
spectrophotometer with rock salt optics. The samples were mulled in Nujol. 


178°. The isolated lactone melted at 164-165° and a mixture of the two 
lactones had a rather sharp intermediate melting point, 166-168°. A 
comparison of the optical rotation of the two lactones revealed that the 
biosynthetic lactone had an [a]?® of —58°, while that of the synthetic lac- 
tone was —2.5°. The ultraviolet and infra-red absorption spectra of the 
two compounds are presented in Figs. 3 and 4. Both preparations have 
identical ultraviolet absorption spectra with a maximum at 215 my (émax = 
10,700) indicative of a conjugated double bond system. The infra-red 
spectra are also essentially identical, with strong absorption between 3.05 
and 4.5 » (superimposed on the Nujol band at 3.45 to 3.55 yu) and at 5.9 
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u, Which is characteristic of carboxyl groups. The absorption at 5.76 u 
is indicative of an aldehyde or an a,@-unsaturated y-lactone and absorp- 
tion at 6.12 » probably represents the absorption of a carbon-carbon double 
bond. The infra-red spectrum of the synthetic lactone of czs,cis-muconic 
acid has corresponding absorption bands at 5.75, 5.92, and 6.35 u. The 
absorption of light of shorter wave-lengths by the double bond of 6-car- 
boxymuconolactone is suggestive of a substitution of a carboxyl group on 
one of the carbon atoms of the double bond. There is an exact corre- 
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Fig. 5. The enzymatic attack of crude Neurospora extracts on both the synthetic 
and biosynthetic B-carboxymuconolactones. The reaction mixtures contained 1.4 
ml. of 0.1 Mm phosphate buffer containing about 0.170 umole of either of the lactones 
and O.1 ml. of crude Neurospora extract. They were read against a blank contain- 
ing buffer and enzyme only, The results are based upon periodic optical density 
measurements at 220 mu. ©, biosynthetic lactone; @, synthetic Inctone. The 
ultraviolet-absorbing material left after enzymatic attack on the biosynthetic 
tone is probably due to a contaminant present in the sample of the lactone used for 
this determination. 


spondence of the absorption bands of both B-carboxymuconolactones in the 
skeletal region between 6.5 and 15 yw, although there are quantitative dif- 
ferences. ‘These results therefore suggest that the biosynthetic lactone is 
the pure (—) isomer and the synthetic lactone a racemic mixture. 

This view was given added support when it was found that crude ex- 
tracts of Neurospora could attack the synthetic lactone, but that the re- 
action rate changed radically after half of the added material had reacted 
(Fig. 5). The rate of attack on the biosynthesized lactone was constant 
until the concentration became limiting. In both cases 6-keto acid was 


formed, as determined by the Rothera reaction and decarboxylation with 
aniline citrate. 
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Extracts of fully induced Pseudomonas do not attack either of the 6-car- 
boxymuconolactones nor do they attack the synthetic lactone of cis, cis- 
muconic acid (muconolactone). Neurospora extracts are also incapable 
of attacking the muconolactone. These data suggest that the steps be- 
tween 6-carboxymuconic acid and 8-ketoadipic acid are different in the two 
organisms and that the first step in the synthesis of B-ketoadipic acid does 
not involve simple decarboxylation. 

Stoichiometry of Conversion of B-Carboxymuconic Acid to B-Carboxymu- 
conolactone—The characteristics of the enzymatic lactonization of 8-car- 


0.20 


0.12 


MICROMOLES 


0.04 


50 100 50 200 
MINUTES 
Fic. 6. The enzymatic conversion of B-carboxymuconic acid to B-carboxymucono- 


lactone. Concentrations of the two compounds were determined by optical density — 


measurements at 220 and 270 my (see ‘‘Materials and methods’’). The reaction 
mixture contained 0.219 wmole of 8-carboxymuconic acid in 1.9 ml. of phosphate 
buffer at pH 7 and was read against a blank containing enzyme plus buffer. When 
the reaction reached equilibrium (arrows), 0.1 ml. of delactonizing enzyme was added 
to the reaction mixture and the blank. @, concentration of 8-carboxymuconolac- 
tone; O, concentration of B-carboxymuconie acid. 


boxymuconic acid by resolved Neurospora enzyme are presented in Fig. 
6. The reaction was followed spectrophotometrically at 220 and 270 mg. 
The equilibrium is strongly in favor of the lactone at pH 7 (20 per cent 
B-carboxymuconic acid, 80 per cent lactone). The ultraviolet absorption 
spectrum of the equilibrium mixture was derived and corrected for residual 
B-carboxymuconic acid. The absorption spectrum (Fig. 3) of the com- 
pound accumulated in the reaction mixture is essentially identical with 
that of the isolated lactone. This, plus the fact that the lactones are fully 
active, tends to rule out the possibility that the isolation of the lactone was 
the result of lactonization of a hydroxy acid during extraction and isolation. 
Upon the addition of delactonizing enzyme obtained by eluting the cal- 
cium phosphate gel used for purifying the lactonizing enzyme, both -car- 
boxymuconic acid and the lactone were rapidly metabolized. 
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Derwation of Carbonyl of B-Ketoadipic Acid from Protocatechuic Acid by 
Pseudomonas and Neurospora Extracts—Since Pseudomonas extracts do 
not attack either the synthetic or biosynthetic B-carboxymuconolactone, 
a comparison of the over-all oxidation of protocatechuic acid to B-keto- 
adipic acid was undertaken with protocatechuic acid labeled primarily in 
the 2 and 6 positions with C™. The protocatechuiec acid used in this ex- 
periment was a diluted sample of the material accumulated by a double 
mutant Y7655-10575 grown on glucose-6-C™ as a sole carbon source. <A 
detailed description of the degradation procedures and an analysis of the 


3 COOH 


2 
1 C=O rN NoOl_ CHI, (C2) 
3 
4 COOH 
4 COOH 
6 2) S CHo 
6C=0 
6 C= 
2 
5 2 CH> 
OH 3 COOH 
3 COOH 
OH 3,4 COOH 
2,5 CH; 
6,1 CH, NaOl_ CHI3 (C2; 5) 
5,2 
4'3 coor 4,3 COOH 


Fic. 7. Derivation of the carbon atoms of B-ketoadipie acid from protocatechuie 
acid. 


distribution of the label are contained in the accompanying paper (15). 

There are only three ways of obtaining B-ketoadipic acid from proto- 
catechuic acid via B-carboxymuconie acid. ‘These are illustrated in Fig. 
7. The carbonyl of B-ketoadipic acid can be derived from either the 6 
position, the | position of protocatechuic acid, or both. If it were derived 
from the 6 position only, the iodoform obtained after oxidizing the derived 
levulinic acid with sodium hypoiodite would be essentially unlabeled. 
Derivation of the carbonyl from the | position would yield iodoform with 
essentially all of the activity present in the 2 position, while a derivation 
from both the 1 and 6 positions would yield iodoform with half the total 
activity of the 2 and 5 positions. 

The results presented in Table II indicate that the iodoform obtained 
by degrading the 6-ketoadipic synthesized from protocatechuic acid by 


ir- 
e- 
VO 
es 
ar- 
no- 
sity 
ion 
ate 
hen 
ded 
“ig. 
Ny. 
ent 
ion 
ual 
ym- 
ith 
illy 
Vas 
on. 
cal- 
ar- 


792 METABOLISM OF PROTOCATECHUIC ACID 


the Neurospora enzymes was essentially unlabeled, indicating that the 
carbonyl] is derived from the 6 position of the ring. On the other hand, 
the iodoform derived from Pseudomonas-synthesized 8-ketoadipic acid had 
half of the activity present in the 2 position of the protocatechuic acid 
supplied, indicating a random derivation of the carbonyl from the 1 and 
6 positions. This result is essentially identical with that obtained for 
8-ketoadipic acid synthesized from catechol (derived chemically from the 
same sample of protocatechuic acid) by extracts of Pseudomonas (15). 


TaBLeE II 


Specific Activity of Iodoform Produced by Degradation of B-Ketoadipic 
Acid Synthesized by Neurospora and Pseudomonas Extracts from 
Specifically Labeled Protocatechuic Acid and Catechol 


Activity in the 2 position of protocatechuic acid = 37.0 per cent. Theoretical 
recovery on the basis of random deviation of CHI; from the 2 and 5 positions = 18.4 
per cent. The protocatechuic acid used in these experiments was a diluted sample 
of the material isolated from culture filtrates of a double mutant Y7655-10575 grown 
on glucose-6-C!4 and used in the corresponding experiments reported in the accom- 
panying paper (15). The specific activity of protocatechuic acid was 18,350 disin- 
tegrations per 0.1 mmole per minute. 


3, disintegra- er cent activity 
Extracts used tions per 0.1 mmole | recovered as CHI; 
per min. 
Pseudomonas grown on p-hydroxybenzoic acid..... 3800 20.7 
pL-mandelic acid*......... 2985 16.3 
Neurospora grown on glucose -+ vanillic acidf..... 0.2 


* Protocatechuic acid was decarboxylated to catechol before use (15). 

t This datum is abstracted from the report of Tatum and Gross (15) which also 
contains a detailed description of the degradation procedures used, as well as an 
analysis of the distribution of C' throughout the carbon atoms of the ring. 


These results confirm the observation that two different mechanisms 
for the conversion of B-carboxymuconic acid to 6-ketoadipic acid are in- 
volved in Neurospora and in Pseudomonas. 


DISCUSSION 


The similarity among protocatechuic acid oxidase, homogentisic acid 
oxidase, and catechol oxidase (pyrocatechase) has already been pointed 
out (4). These enzymes catalyze the oxidative cleavage of the benzene 
ring with oxygen as the obligatory oxidant. The oxidations of homogentisic 
acid and catechol yield unsaturated dicarboxylic acids of cis configuration 
(8, 16). The chemical analogy and the observation of a spectral shift 
typical of cis — trans isomerization that occurred concomitant with loss 
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of biological activity led MacDonald et al. (13) to believe that biosynthe- 
sized B-carboxymuconic had a cis-cis configuration. The isolation of an 
active lactone with an endocyclic double bond as the product of enzymatic 
lactonization of active B-carboxymuconic acid and its chemical and physi- 
cal similarity with the lactone synthesized from the inactive (cis-trans) 
isomer (13) indicate that the carboxymuconic acid produced enzymatically 
is indeed the cis-cis isomer. 

The physical and chemical data presented suggested that the structure 
of B-carboxymuconolactone was most probably I but possibly II (see the 
accompanying structures). 


Cc C 
H,CS C=0 HC_5 | 3 COOH 
4 
COOH C=O 
I I 


The isotopic evidence indicates that the carbonyl of B-ketoadipic acid 
was derived from the 6 position of protocatechuic acid. This adds further 
support to I as the proper structure, since carbon 6 of I is the logical site 
of enolization after the hydrolytic cleavage of the five-membered ring. 

The data presented suggest the scheme for the oxidation of protocate- 
chuic acid to 8-ketoadipic acid in Neurospora illustrated in Fig. 8. Except 


_ for the compounds enclosed in brackets, all of the intermediates have been 


isolated and identified. A spectral analysis of the conversion of 6-carboxy- 
muconolactone to 8-ketoadipic acid has failed to indicate the accumulation 
of a compound with a conjugated double bond system. This suggests 
that the hydrolysis of the lactone involves simultaneous decarboxylation. 
No evidence has been obtained for the involvement of a cofactor in this 
transformation and the loss of CO, may be non-enzymatic. 

It is of considerable comparative interest that the Pseudomonas and the 
Neurospora systems involved in the conversion of B-carboxymuconic acid 
to 8-ketoadipic acid differ in several significant respects. It has been found 
that B-carboxymuconolactone is an intermediate in Neurospora, but not in 
Pseudomonas. ‘This is supported by the observation that the carbonyl of 
B-ketoadipic acid is derived equally from the 1 and 6 positions of protocate- 
chuic acid in the Pseudomonas system, but is derived solely from the 6 
position in the Neurospora system. ‘The two also differ in their stability: 
Stanier has shown that the Pseudomonas system is labile to dialysis (3) 
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and to dilution (4), whereas the Neurospora system is stable under com- 
parable treatments. 

The Neurospora oxidase is insensitive to a variety of inhibitors, more so 
than Pseudomonas oxidase. No organic or metal additions have stimulated 
activity even after vigorous dialysis and the addition of chelating agents 
has not been found to inhibit oxidation. The mechanism of electron trans- 
fer, therefore, still remains as one of the most puzzling aspects of this sys- 
tem. 

Protocatechuic acid oxidase is an inducible (adaptive) enzyme. It is 
essentially absent in uninduced wild type mycelia. It is present as part 


COOH COOH COOH 
| : | 
2 CH HCS 2CH +H20 
OH 3 COOH 5 C=0 
COOH COOH 
3 COOH 3 COOH 3 COOH 
2 CH 2 CH 2 GH, 
1 C-coon 02, 1CGH | GH 
6 CHOH 6 GOH 6 C=0 
5 CH, 5 GH, 5 
4 COOH 4 COOH 4 COOH 


Fia. 8. Proposed scheme for the oxidation of protocatechuic acid to B-ketoadipic 
acid in Neurospora. 


of the enzymatic constitution of a mutant, Y7655, blocked in the conver- 
sion of dehydroshikimic acid to shikimic acid. This mutant almost quanti- 
tatively converts the dehydroshikimic acid accumulated to protocatechuic 
acid and hence the enzyme can be considered auto-induced. The synthesis 
of the enzyme can be induced in wild type strains by a number of aromatic 
compounds, provided that they meet the following requirements: a car- 
boxyl group, an unsubstituted 2 position, and a hydroxyl group in the 4 
position (7). Protocatechuic acid is the only substrate for the enzyme 
found thus far. Most of the inducers have little or no affinity for the 
enzyme. The only competitive inhibitor thus far found (inhibition studies 
are materially hampered by the ease of autoxidation of many of these com- 
pounds) is 2,4-dihydroxybenzoic acid, a non-inducer. 

Another puzzling aspect of the over-all enzymatic sequence is that both 
the lactonizing and delactonizing enzymes are present in uninduced cul- 
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tures of the wild type. This suggests either that 6-carboxymuconic acid 
is a product of some other metabolic sequence normally operating or that 
the enzymes are involved in the metabolism of other structurally similar 
compounds. 


SUMMARY 


The biochemical conversion of protocatechuic acid to 6-ketoadipic acid 
by Neurospora is described. Two of the enzymes involved have been puri- 
fied. The first, protocatechuic acid oxidase, catalyzes the oxidation of 
protocatechuic acid to cts,cis-B-carboxymuconic acid. The second, a 
lactonizing enzyme, converts 6-carboxymuconic acid to B-carboxymucono- 
lactone ((—)-8-carboxy-y-carboxymethy]-A?-butenolide). 

Neurospora extracts contain a delactonizing enzyme (or enzymes) cata- © 
lyzing the conversion of 8-carboxymuconolactone to #-ketoadipic acid. 
This enzyme is absent in extracts of Pseudomonas and isotopic evidence 
is presented which indicates that the conversion of 6-carboxymuconic 
acid to 6-ketoadipic acid is different in the two enzyme systems. 

Protocatechuic acid oxidase is an adaptive enzyme detectable in extracts 
of wild type Neurospora after induction by protocatechuic acid or a num- 
ber of analogues. This enzyme is normally present in extracts of mutant 
strain Y7655a. The other enzymes in the sequence are constitutive. 


The authors wish to express their gratitude to Professor R. H. Eastman 
for the analysis of the infra-red spectra presented, to Dr. D. Rodgers 
for the polarimetry, to Dr. R. Y. Stanier, Dr. W. R. Sistrom, Dr. D. L. Mac- 
Donald, and Dr. J. van Overbeek for generously providing us with other- 
wise unobtainable chemicals, and to our colleagues at Stanford for their 
many helpful and stimulating suggestions. 
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INCORPORATION OF CARBON ATOMS 1 AND 6 OF 
GLUCOSE INTO PROTOCATECHUIC ACID 
BY NEUROSPORA* 


By E. L. TATUM anp 8S. R. GROSSfT 


(From the Department of Biological Sciences, Stanford University, 
Stanford, California) 


(Received for publication, August 23, 1955) 


The mechanism of biosynthesis of the simpler aromatic compounds has 
been significantly clarified recently by the use of mutant strains of Newro- 
spora (1) and Escherichia coli (2) and by the use of isotopic carbon (3-6). 
The evidence indicates that aromatization takes place via dehydroquinic 
acid, dehydroshikimie acid, and shikimie acid. Although the ultimate 
source of the carbon atoms of the aromatic rings of p-aminobenzoic acid, 
phenylalanine, tyrosine, and anthranilic acid is glucose, the mechanism 
by which these carbon atoms form the basic 7-carbon unit of shikimic 
acid has not yet been clearly established. The accumulation of protocate- 
chuic acid by the aromaticless mutant strain of Neurospora crassa (1) 
seemed to provide a promising approach to this problem, since isotopic 
evidence had indicated that protocatechuic acid is derived from dehydro- 
shikimic acid. Protocatechuic acid would therefore be expected to have 
the same derivation and carbon labeling as dehydroshikimic acid, sbikimic 
acid, and the aromatic nuclei of the amino acids. 

This paper reports experiments in which protocatechuic acid produced 
by the aromaticless mutant strain of Neurospora from glucose-1-C™ and 
glucose-6-C™ was degraded enzymatically and chemically via 6-ketoadipic 
acid. The results show that carbon atoms 1 and 6 of glucose are incor- 
porated almost exclusively, and to the exclusion of other glucose carbon 
atoms, into positions 2 and 6 of protocatechuic acid. Position 2 is more 
strongly labeled from carbon atom 1 of glucose and position 6 from carbon 
atom 6. The results also indicate that in the production of protocatechuic 
acid the carbonyl oxygen at position 5 in dehydroshikimic acid is lost, and 
the two hydroxyl groups are retained. In the oxidative conversion of 
protocatechuic acid to 6-ketoadipic acid by Neurospora, the carbonyl 
oxygen appears to be introduced in position 6. 


* This investigation was supported in part by a research grant, No. C2167, from 
the National Cancer Institute of the National Institutes of Health, Public Health 
Service, and by a grant from the American Cancer Society as recommended by the 
Committee on Growth of the National Research Council. 

Pt Postdoctoral Research Fellow of the National Cancer Institute, Public Health 
rvice. 
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EXPERIMENTAL 


The aromaticless, indoleless mutant strain of N. crassa (Y7655-10575) 
used throughout this investigation was grown for 3 days under condi- 
tions essentially as described previously (1), except that the minimal me- 
dium was supplemented with tyrosine, tryptophan, phenylalanine, and 
p-aminobenzoic acid. 

The concentration of protocatechuic acid was determined spectropho- 
tometrically. After suitable dilution of the original culture filtrate in 
0.1 mM phosphate buffer at pH 7, optical density measurements were made 
at 274 and 289 muy as read against wild type culture filtrate at comparable 
dilutions. The extinction coefficients of protocatechuic acid under these 
conditions were found to be 2623 and 4016, respectively. Determination 
of known concentrations of protocatechuic acid by this method showed 
that the error was less than 2 per cent. 

The protocatechuic acid was isolated from the acidified culture filtrates 
by continuous ether extraction. The ether was removed and, after suita- 
ble dilution with unlabeled material, the protocatechuic acid was crystal- 
lized from an ethyl] acetate-benzene mixture. 

Protocatechuic acid was degraded by combined enzymatic and chemical 
means, as shown in Fig. 1. The preparation of the protocatechuic acid- 
oxidizing system from Neurospora is described in the accompanying paper 


(7). 


The enzymatic oxidations were carried out with 400 mg. of dry lyo- | 
philized extract of vanillic acid-induced mycelium of wild type Neurospora, — 
mixed with approximately 20 mg. of labeled protocatechuic acid, in a | 
total volume of 60 ml. of 0.1 m phosphate buffer at pH 7.2. The mixture | 


was incubated at 33°, and the oxygen uptake was determined manomet- 
rically to follow the rate of conversion of protocatechuic acid to 8-keto- 
adipic acid. Protocatechuic acid and catechol were also degraded by the 
use of Pseudomonas enzymes. ‘These were obtained and employed essen- 
tially as described by Stanier and collaborators (8, 9). 


B-Ketoadipic acid was isolated by extraction of the reaction mixture | 


twice with equal volumes of chloroform to precipitate protein, and the 
chloroform layer and protein were removed. The filtrate was saturated 
with ammonium sulfate and adjusted to pH 2.5 with HCl, centrifuged, 
and extracted continuously with ether for 20 hours. A known amount 
of B-ketoadipic acid! was added to the ether extract and the ether was re- 
moved under reduced pressure. The diluted product was recrystallized 
from ethyl acetate and petroleum ether. The dilution of the B-ketoadipic 


1 Generously supplied by Dr. D. Shemin, College of Physicians and Surgeons, 
Columbia University. 
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acid was calculated from the activity of the recovered material. About 
50 per cent was recovered in each experiment. 

The chemical degradations involved the decarboxylation of protocate- 
chuic acid in a sealed tube at 250° for 1 hour, yielding catechol and CO, 
(carbon atom 7). The 8-ketoadipic acid was degraded by decarboxylation 
in a sealed tube at 205° for 15 minutes, yielding levulinic acid plus CO, 
(carbon atom 4). The levulinic acid 2, 4-dinitrophenylhydrazone was then 


7COOH 


+ CO2(C7) 
OH 
ENZYMATIC “OXIDATION 
( NEUROSPORA ) 
CO2(C4) 
4 COOH 
5 
| 15 
2 ¢ HYDRAZINE é 60,(C3) 
3 COOH 3 COOH 3COOH 
NaOl 
CHI 
O2 6COOH 2C0,(C6+C3) 
HN3 + 
2 —>> | CNHo 


Fic. 1. Degradation of protocatechuic acid 


decarboxylated with hydrazoic acid, yielding carbon atom 3 as COs. 
Another sample of levulinic acid was treated with sodium hypoiodite to 
give iodoform and succinic acid. The iodoform was converted to CO» over 
hot copper oxide in oxygen and the succinate was isolated and decarbox- 
ylated with hydrazoic acid according to the procedure of Phares and Long 
(10). In a modification of the over-all conversion in the case of the 
Pseudomonas enzymes, B-ketoadipic acid was not isolated but converted 
directly to levulinic acid by heating the enzyme reaction mixture in the 
autoclave for } hour; then iodoform was produced, isolated, and converted 
to CO, as described. 


All determinations of radioactivity were made by using aluminum 
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planchets with a gas flow counter and the results were calculated as dis- 
integrations per minute corrected to infinite thinness. Samples were 
counted to within 4 per cent error, with suitable corrections for background 
and coincidence. In every case CO, was collected and counted as BaCQ;. 


TABLE [ 
Utilization of Glucose-C™ by Neurospora 


Substrate 
Fraction 
Glucose-1-C™* Glucose-6-C™f 
d.p.m. d.p.m. 

Total glucose activity. 1.15 108 1.36 108 
3.25 X 107 6.34 X 10° 
Culture medium, dried... .................. 9.74 108 8.64 10° 
wet oxidation............. 7.80 X 107 
Protocatechuic acid........................ 1.45 108 2.30 108 


* Culture grown for 3 days at 30° in 20 ml. of minimal medium containing 198.8 
mg. of glucose-1-C', 0.5 mg. of L-tyrosine, 0.5 mg. of L-tryptophan, 1 mg. of L- 
phenylalanine, and 3 y of p-aminobenzoic acid. 

+ Culture grown as described for glucose-1-C"™, but with 200.7 mg. of glucose-6-C", 

t Value for culture medium from wet oxidation used in obtaining total. 


TABLE II 
C140, Production from Glucose-1-C'4 and from Glucose-6-C' by Neurospora 
Activity of respiratory CO: 
Substrate Per cent of 
Total total glucose war activity 
activity 
d.p.m. X 10% d.p.m. 
1.15 3.25 X 10? 28.3 74.0 
1.36 6.34 & 10° 4.65 11.35 
Results 


Utilization of Glucose-C“% by Neurospora—The over-all results obtained 
in the two experiments with glucose-1-C™“ and glucose-6-C™ are sum- 
marized in Tables I and II. 28.3 per cent of carbon atom 1 of glucose was 
recovered as respiratory COs, whereas only 4.65 per cent of the total ac- 
tivity of the glucose-6-C™ was so recovered. These results suggest that 
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under the conditions employed in these experiments carbons 1 and 6 of 
glucose were by no means equivalent, and that a considerable portion of 
the glucose was being metabolized by a direct shunt mechanism, probably 
by way of phosphogluconic acid. 

The total recovery of activity in the glucose-1-C™ experiment was rela- 
tively poor as contrasted to the glucose-6-C™ experiment. About 10 times 
as much activity was recovered in the CO:2 produced by wet oxidation as 
in the dried medium. The difference represents an approximate value of 
the volatile radioactive metabolic products, such as ethanol. 

Activity of Carbon Atoms of Protocatechuic Acid—The results of the deg- 
radation outlined in Fig. 1 are given in Table III for glucose-6-C" and in 
Table IV for glucose-1-C™. In these tables the compounds counted are 
indicated, and the calculations presented for carbon atom activities were 
determined by difference. The activities are expressed as disintegrations 
per minute per 0.1 mmole of compound and the results are summar- 
ized as relative activities, first in terms of protocatechuic acid corrected for 
dilutions and secondly in terms of the glucose employed. 

Not enough protocatechuic acid was available to distinguish directly 
between positions 1 and 2 in the experiment with glucose-!-C“. How- 
ever, two additional degradations were carried out on the protocatechuic 
acid derived from glucose-6-C', which permit calculation of the separate 
activities in positions 1 and 2 as presented in Lines 13 through 18 in Table 
III. The first degradation involved the chemical decarboxylation of 
protocatechuic acid to catechol and its subsequent oxidation by Pseudo- 
monas catechol oxidase to 6-ketoadipic acid. This, without subsequent 
isolation, was converted directly to iodoform derived from the methyl 
carbon of levulinic acid. In the second degradation the protocatechuic 
acid was converted directly by Pseudomonas protocatechuic acid oxidase 
to 8-ketoadipic acid and hence chemically via levulinic acid to iodoform. 
Whereas the iodoform derived from levulinic acid produced by the Neuro- 
spora oxidase (Table III, Line 7) had essentially no activity, the iodoform 
derived via the Pseudomonas enzymes (Table III, Lines 13 and 15) had 
considerable activity. 

The activity of the iodoform produced by the Pseudomonas enzymes, 
which must represent carbons 2 and 5 of protocatechuic acid as explained 
in the preceding paper (7), measures essentially the activity of carbon 2, 
since carbon 5, as determined by the corresponding Neurospora degrada- 
tion, was practically inactive. The low activity of carbon 1 then calcu- 
lated proves that carbon 6 of glucose does not significantly enter into 
position 1 of protocatechuic acid. 

Other investigators have found that neither carbon atom 1 or 6 of glu- 
cose is incorporated into position 1 of aromatic compounds (3-5) and in 
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our experiments these 2 glucose carbon atoms are partially equivalent. 
Since carbon 6 of glucose is incorporated into position 2 and not into posi- 
tion 1, it seems reasonable to assume that glucose carbon 1 is similarly 
incorporated only into position 2. Accordingly, the activity reported for 


TABLE III 
Distribution of C'4 in Protocatechuic Acid Derived from Glucose-6-C™% 

Activity relative to 
Compound or calculation*® Activityt Prote- 
catechuic Glucose 
3 acid 
1 | Protocatechuic acid 1-7 3.34 X 105 | 63.3 1.00 | 1.71 
2 CO, 7 4.21 X 10° | 63.3 0.01 | 0.02 
3 | B-Ketoadipic acid 1-6 1.95 X 104| 1.07 K 10%/|} 0.99 | 1.69 
4 CO, 4 1.50 X 102} 1.07 X 10%| 0.01 | 0.02 
5 | Levulinic hydrazone 1,2,3,5,6 | 2.02 K 104; 1.07 K 103| 1.02 | 1.74 
6 CO, 3 1.13 X 103 | 1.07 10% | 0.06 | 0.10 
7 CHI; 5 0.50 X 107} 1.07 XK 10% | 0.002 | 0.003 
8 | Succinie acid 1,2,3,6 1.40 103 | 1.47 X 104| 0.97 | 1.66 
9 CO, 3,6 8.50 10? | 1.47 K 104/ 0.59 | 1.01 
10 Line 9 — Line 6 6 0.53 | 0.91 
11 1,2 0.38 | 0.65 
12 | Protocatechuic acid 1-7 1.84 K 104 | 1.16 X 10%| 1.00 | 1.71 
13 CHIstf 2,5 2.99 X 103 | 1.16 XK 10% | 0.33 | 0.56 
14 Line 13 — Line 7 2 0.33 | 0.56 
15 CHI;§ 2,5 3.80 103 | 1.16 K 10% | 0.41 | 0.67 
16 Line 15 — Line 7 2 0.41 | 0.67 
17 Average Lines 14 + | 2 0.37 | 0.62 

16 

18 Line 11 — Line 17 1 0.01 | 0.03 


* Calculated, as shown, from the relative activity values from the lines indicated 


by numbers. 
¢ Activity expressed as disintegrations per minute per 0.1 mmole. 
t Via Pseudomonas catechol oxidase (see the text). 
§ Via Pseudomonas protocatechuic acid oxidase (see the text). 


carbons 1 plus 2 of protocatechuic acid derived from glucose-1-C™ (Table 
IV, Line 11) is assumed to represent activity at position 2 only. 

An independent method for distinguishing between activities in carbon 
atoms 1 and 2 of protocatechuic acid was attempted via the bromopicrin 
degradation (11, 3). Catechol obtained by decarboxylation of proto- 
catechuic acid was converted to 4-nitrodibenzoylcatechol by benzoylation 
in pyridine and subsequent nitration (12). However, both direct oxida- 
tion of bromopicrin and oxidation of methylamine derived by reduction 
of the bromopicrin with iron and acetic acid gave results which were not 
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consistent with those obtained by the other degradations. The bromo- 
picrin should have been derived from carbon atoms 1 and 6 of protocate- 
chuic acid. Nevertheless, the bromopicrin activity in the glucose-1-C™“ 


TaBLeE IV 
Distribution of C'4 in Protocatechuic Acid Derived from Glucose-1-C'4 


Activity relative to 

3 Compound or calculation* | P Activityt Proto- 

catechuic} Glucose 
5 acid 

1 | Protocatechuic acid 1-7 2.06 X 105} 27.9 1.00 | 0.56 
2 CO; 7 8.23 K 10% | 27.9 0.04 | 0.02 
3 | B-Ketoadipic acid 1-6 1.51 X 104 | 366 0.96 | 0.54 
4 CO, 4 2.73 X 10? | 366 0.02 | 0.01 
5 | Levulinic hydrazone 1,2,3,5,6 | 1.6 X 104 | 366 1.02 | 0.57 
6 CO, 3 1.46 X 10° | 366 0.10 | 0.05 
7 CHI; 5 4.41 XK 10? | 366 0.03 | 0.02 
8 | Succinic acid 1,2,3,6 2.89 K 103} 1.86 K 10% | 0.93 | 0.52 
9 CO, 3,6 4.85 K 10? | 1.86 X 10% | 0.30 | 0.17 
10 Line 9 — Line 6 6 0.20 | 0.11 
1] 1,2 1.97 X 108 0.65 | 0.36 

*See corresponding foot-note of Table ITT. 
t Activity expressed as disintegrations per minute per 0.1 mmole. 
0.04 (0.02) 7COOH OO1(0.02) 
0.01 (0.03) 
(O.11)O2 0.65 (0.36) (0.91) 0.53 0.37(062 ) 
(0.02)0.03 0.1(0.05)  (0.03)0.002 0.06 (01) 
0.02 (0.0!) OO! (0.02) 
GLucosE -1-c'4 GLUCOSE -6--c'4 


Fic. 2. Summary of distribution of carbon atoms | and 6 of glucose in protocate- 
chuic acid. The figures in parentheses are activities relative to glucose, and the 
other figures are activities relative to protocatechuic acid. 


experiment was considerably higher than the value obtained independently 
for carbon atom 6 alone. In contrast, the bromopicrin obtained in the 
glucose-6-C™ experiment had significantly less activity than the value ob- 
tained independently for carbon atom 6. It therefore appears that the 
bromopicrin reaction is not reliable for degradation of isotopic compounds 
such as 4-nitrodibenzoylcatechol. 
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The results summarized in Fig. 2 give the relative activities of each of 
the carbon atoms of the two samples of protocatechuic acid. The figures 
in parentheses represent the values relative to the activity of the glucose 
employed, and the other figures the activities relative to protocatechuic 
acid, corrected for dilution. As shown in Fig. 2, carbon atom 6 of glucose 
was found to be incorporated into protocatechuic acid with considerably 
greater efficiency than carbon atom 1 (1.71 atoms versus 0.56 atom). 
Both carbon atoms were distributed almost exclusively in protocatechuic 
acid between position 2 and position 6. Carbon atom 1 of glucose was 
more effectively incorporated into position 2 of protocatechuic acid, and 
carbon atom 6 of glucose more effectively into position 6. 


DISCUSSION 


The orientation and numbering of the carbon atoms of protocatechuic 
acid and §-ketoadipic acid used in Fig. 1, and the conclusions drawn there- 
from, were based on the following considerations: Carbon atom 1 of proto- 
catechuic acid is oriented by the carboxyl group. The data presented 
indicate that glucose carbon atoms 1 and 6 are incorporated practically 
exclusively, and differentially, into positions 2 and 6 of protocatechuic 
acid. By inference from the findings of other investigators, position 2 of 
protocatechuic acid is assigned to the site of higher relative incorporation 
of carbon atom 1 of glucose and position 6 to that of carbon atom 6. The 
alternative location of the hydroxyl groups of protocatechuic acid at the 
3,4 or the 4,5 positions can be distinguished as follows: Location of the 
carbonyl of 6-ketoadipic acid at position 1 is eliminated, since, with either 
possible orientation of the hydroxyl groups of protocatechuic acid, the 
degradation via Neurospora oxidase would result in the appearance of both 
labeled glucose carbon atoms in the iodoform from levulinic acid and in 
the methylene carbon atoms of succinic acid. The found higher labeling 
of the carboxyl group of succinic acid from glucose-6-C"™, and of the meth- 
ylene carbons from glucose-1-C", localizes the carbonyl] of 6-ketoadipic acid 
at position 6 of protocatechuic acid. Consequently, the hydroxy] groups 
can be definitively located at positions 3 and 4. 

Dehydroshikimic acid is apparently the precursor of protocatechuic acid 
in Neurospora and it seems reasonable to assume that the relative orienta- 
tion and labeling of dehydroshikimic acid in Neurospora and in E. coli are 
similar. It follows that in the conversion of dehydroshikimic acid to 
protocatechuic acid by Neurospora the carbonyl of dehydroshikimic acid is 
eliminated, and the two hydroxy] groups are retained. 

These conclusions on the orientation and derivation of the substituent 
groups and carbon atoms of these compounds are supported by the demon- 
stration that the y-lactone of 6-carboxymuconic acid is an intermediate in 
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the conversion of protocatechuic acid to 6-ketoadipic acid (7). Lactone 
formation not only provides a mechanism for the non-oxidative introduc- 
tion of the oxygen into the carbon chain of 6-ketoadipic acid, but a con- 
sideration of the structure of the two possible y-lactones of B-carboxymu- 
conic acid makes it appear more probable that the lactone would involve 
carbons 3 and 6 rather than 4 and 1, since the third carboxyl group would 
also be attached to carbon 1. These conclusions are further substantiated 
by the findings that the Pseudomonas systems do not involve the introduc- 
tion of oxygen into B-ketoadipic acid at one carbon only and that the y- 
lactone of 6-carboxymuconic acid is not concerned. It is of interest to 
point out that only the fortunate chance that Neurospora converts proto- 
catechuic acid asymmetrically to B-ketoadipic acid, in contrast to Pseudo- 
monas, permitted the definite degradation results and conclusions reported 
here. 

The sums of the activities, relative to glucose, in the two separate experi- 
ments can be calculated to be 1.01 for carbon 2 of protocatechuic acid 
(Line 11, Table III, + Line 11, Table IV) and 1.02 for carbon 6 (Line 10, 
Table III, + Line 10, Table IV). The results reported here indicate that 
carbons 2 and 6 of protocatechuic acid, and hence presumably carbons 2 
and 6 of dehydroshikimie acid, and the aromatic nuclei derived therefrom, 
are derived exclusively from carbons 1 and 6 of glucose. These results 
cannot be reconciled with the 4,5,6 distribution in tyrosine and the 
equivalent carbon atoms of tryptophan, of carbons 3 and 4 of glucose, and 
of the carboxyl of acetate, as reported by Rafelson (6), Ehrensviird (4), 
and Ehrensviird and Reio (13). 

The finding that carbons 1 and 6 of glucose are not equivalently in- 
corporated suggests that glucose gives rise to at least two different frag- 
ments, not in complete equilibrium with one another, in the course of the 
formation of dehydroshikimic acid. This conclusion is substantiated by 
the fact that the total incorporation of carbon 6 of glucose into positions 
2 and 6 exceeds unity (1.56). That both carbons 1 and 6 are incorporated 
into both positions 2 and 6 of protocatechuic acid again suggests the in- 
volvement of two glucose fragments in its synthesis as well as a limited 
interconvertibility of these fragments. It is most reasonable to assume 
that one of these fragments is a C3 unit and the other a Cy. The greater 
incorporation of carbon 6 of glucose than of carbon 1 indicates that the 
fragment containing carbon 1 undergoes a greater dilution and is more 
susceptible to equilibration or diversion than the unit involving primarily 


carbon 6 of glucose. This would be true of a C3 unit which would be 


derived from carbons 1, 2, and 3 of glucose and from carbons 4, 5, and 6, 
in contrast to a C, unit which might be expected to be derived primarily 
from carbons 3, 4, 5, and 6 of glucose. The relative incorporation of these 
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two units is illustrated by the figures representing the sum of incorporation 
of the 2 glucose carbon atoms individually into carbons 2 plus 6 of proto- 
catechuic acid. Carbon 1 of glucose is incorporated to a total extent of 
0.47 (Table IV, Lines 10 + 11) and carbon 6 of glucose to a total of 1.56 
(Table III, Lines 10 + 11). This higher incorporation of glucose carbon 
6 in part reflects the greater loss of carbon 1 as respiratory COs. 

The distribution of carbons 1 and 6 of glucose primarily in positions 2 
and 6 of protocatechuic acid found in our experiments is in accord with 
that reported by other investigators. These include the work of Gilvarg 
and Bloch (3) on the incorporation of carbon 1 of glucose into phenylalanine 
and tyrosine, the latest results of Sprinson on the incorporation of carbons 
1 and 6 of glucose into shikimie acid (5), and the data of Rafelson? on the 
incorporation of carbon 1 of glucose into the aromatic ring of tryptophan. 

Although our results do not deal directly with the mechanism of aroma- 
tization in Neurospora, they suggest the derivation of dehydroshikimic acid 
by a condensation of a C; and a C, unit, both originating from glucose. A 
similar conclusion has been reached from results with F. coli (5) and ex- 
tended by the demonstration of an enzymatic conversion of sedoheptulose 
diphosphate to dehydroshikimic acid (14). The results reported in this 
and previous papers on the participation of dehydroshikimic acid and 
shikimic acid in the biosynthesis of aromatic compounds thus strongly 
support the view that aromatization in Neurospora and in EF. coli involves 
essentially similar mechanisms. 


SUMMARY 


Protocatechuic acid produced by the aromaticless mutant strain of 
Neurospora crassa from glucose-1-C" and glucose-6-C"™ was degraded by 
Neurospora and Pseudomonas enzymes to 6-ketoadipic acid. This was 
further degraded chemically to levulinic acid and the latter to iodoform 
and succinic acid. 

Glucose carbon atoms | and 6 were incorporated significantly only into 
positions 2 and 6 of protocatechuic acid and accounted for essentially all 
the carbon in these positions. Carbon atom 6 of glucose was incorporated 
into protocatechuic acid to a greater extent (1.71) than glucose carbon 
atom 1 (0.56). Carbon atom 1 of glucose was incorporated more strongly 
in position 2 of protocatechuic acid and carbon atom 6 in position 6. 

The results suggest that the protocatechuic acid and therefore its pre- 
cursor, dehydroshikimic acid, and the aromatic ring structures of p-amino- 
benzoic acid, phenylalanine, tyrosine, and anthranilic acid, all derived 
from dehydroshikimic acid, are formed by the condensation of C3 and Cy 
fragments originating from glucose. 


2 Personal communication. 
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The evidence also suggests that in the enzymatic conversion of dehydro- 


shikimic acid to protocatechuic acid the carbonyl oxygen at position 5 is 
lost and the two hydroxy] groups at positions 3 and 4 are retained. 


It is concluded that aromatization in Neurospora and Escherichia coli 


involves essentially similar mechanisms. 
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The various observations made upon the utilization of peptides by micro- 
organisms have led to several interpretations of the phenomena involved. 
Simmonds et al. (1) found that a phenylalanineless strain of Escherichia coli 
grew equally well in the presence of phenylalanine or its peptides and sug- 
gested that hydrolysis of the peptides occurred prior to utilization. Sim- 
monds and Fruton (2) found that a prolineless strain of FE. coli utilized 
peptides of proline much more effectively than proline. Stone and Hober- 
man (3) have presented evidence which indicated that the greater activity 
of proline peptides was due to protection of proline in peptides from deg- 
radation by bacterial enzymes which degrade free proline. Simmonds and 
Fruton (4) suggested that the enhanced activity of peptides might be due 
to their being more readily utilized than the free amino acids through a 
“transpeptidation” mechanism. ‘This possibility was also considered by 
Hirsch and Cohen (5) who reported findings on the utilization of leucine 
peptides by E. colt which they could not adequately explain by simple hy- 
drolysis of the peptides. In order to explain the greater activity of a pep- 
tide of valine in comparison with the free amino acid in reversing the 
toxicity of isoleucine, it has been proposed that peptides are capable of per- 
forming an essential réle of the amino acid without prior conversion to the 
amino acid per se (6). 

Kihara and Snell (7) reported that peptides of phenylalanine reversed 
the toxicity of thienylalanine at certain levels more effectively than pheny]l- 
alanine in #. colt. They suggested, in keeping with an earlier postulate 
(8-10), that the inhibitory effect of the antagonist may be on absorption 
of the amino acid, and assimilation of the peptides, resembling pheny]l- 
alanine less closely in structure, is less subject to interference by the in- 
hibitor. 

Dunn and Dittmer (11) reported the preparation of some dipeptides of 
thienylalanine and showed that these peptides had about the same toxicity 
as free thienylalanine in E. coli 9723 at the levels tested. 

* Support of the work by one of the authors (F. W. D.) by grant No. RG-2843 from 


the United States Public Health Service to Abilene Christian College is gratefully 
acknowledged. 


| 

| 

809 


810 INHIBITION STUDIES WITH PEPTIDES 


Since peptides of natural amino acids have greater activity under cer- 
tain conditions than the corresponding free amino acids, it seemed likely 
that, under suitable testing conditions, peptides of an amino acid antago- 
nist would exhibit greater activity than the free antagonist. In the present 
investigation this has been found to be the case, and additional data having 
some bearing on the mode of action of peptides have been obtained as sub- 
sequently described. 


EXPERIMENTAL 


Testing Methods—Stock cultures of FE. coli, ATCC 9723, were maintained 
on nutrient agar slants by conventional bacteriological practices. For in- 
oculation of assays, cells were grown for 15 to 17 hours at 37° in 5 ml. of 
the salts-glucose medium described below. 1 ml. of this culture was trans- 
ferred aseptically to a fresh inoculum tube of the same medium and allowed 
to grow for 6 to 8 hours. Cells obtained in this manner were centrifuged, 
washed with sterile saline, and diluted 1:20 in sterile saline. 1 drop of 
this dilution was added to each assay tube. 

The salts-glucose medium described by Anderson (12) was modified by 
the addition of 3 mg. of Fe(NH4)2(SO,)2-6H:O per liter of double strength 
medium. The double strength medium (2.5 ml.) and amounts of water 
sufficient to give a final volume of 5 ml. after the addition of the samples 
were added to 20 X 150 mm. lipless Pyrex test-tubes. The tubes were 
capped, autoclaved for 5 minutes at 10 to 15 pounds pressure, and cooled. 
The compounds to be tested were weighed into sterile tubes, diluted with 
sterile water, and added aseptically to the assay tubes. The tubes were 
inoculated and incubated at 37° for the indicated periods of time. The 
amount of growth was determined turbidimetrically in terms of galvanom- 
eter readings so adjusted that distilled water reads 0 and an opaque object 
100. The instrument has been described previously (13). 

The activity of some of the peptides was changed by autoclaving. 
Therefore, the results reported were obtained by adding the compound 
aseptically to the sterile medium just prior to inoculation. 

Compounds—Glycy]-8-2-thienyl-pL-alanine was prepared by reaction of 
(11) with concentrated ammonium hy- 
droxide. The free peptide melted at 275—-277° and showed no depression 
when mixed with a sample of the peptide prepared from carbobenzoxy- 
glycyl-8-2-thienyl-pL-alanine (11). Glycyl-pi-phenylalanine was prepared 
by the same method from chloroacetyl-pt-phenylalanine. 8-2-Thienyl-p1- 
alanylglycine and leucyl-8-2-thienylalanine were prepared by coupling the 
acid chloride of the carbobenzoxy derivative of the first moiety with the 
ester of the second moiety according to standard procedure. The leucyl- 
thienylalanine was obtained from t-leucine and thienyl-pi-alanine and 
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consisted of a mixture of the two diastereoisomeric forms. Details of 
these preparations will be reported elsewhere. 1.-Phenylalanylglycine and 
L-phenylalanyl-L-leucine (14) were prepared by the carbobenzoxy method 
by employing the ester of the second moiety. Other compounds were ob- 
tained from commercial sources. 

Some of the commercial peptides were found to contain free phenyl- 
alanine. Therefore, all peptides employed in this study were chromato- 
graphed and only those not contaminated by interfering amino acids were 
used. 

For ease of comparison of activities, phenylalanine and its peptides were 
added in units such that each unit contained the equivalent of 1 y of pL- 
phenylalanine or 0.5 y of L-phenylalanine; thienylalanine and its peptides 
were added in units similarly equivalent-to 1 y of B-2-thienyl-pL-alanine. 


Results 


Approximately equal activities are obtained with 6-2-thienyl-pL-alanine, 
and 6-2-thienyl-pL-alanylglycine in inhibiting 
growth of E. colt 9723 in an inorganic salts-glucose medium as indicated 
in Fig. 1, A. In separate experiments L-leucyl]-8-2-thienyl-pL-alanine was 


also approximately as inhibitory as 6-2-thienyl-pL-alanine in this medium. 


While approximately equal activity is exhibited in the minimal medium, 
supplementation of the medium with L-phenylalanylglycine results in pep- 
tides of thienylalanine becoming many times more effective as growth in- 
hibitors than thienylalanine (Fig. 1, B). Also, in a medium supplemented 
with tryptophan, the peptide analogues are more effective than the free 
amino acid analogue in inhibiting growth (Fig. 1, D), but supplementation 
of the inorganic salts-glucose medium with phenylalanine results in thienyl- 
alanine becoming a more effective growth inhibitor than its peptides (Fig. 
1,C’). These preliminary findings indicated the importance of a detailed 
study of the growth effects of thienylalanine and some of its peptides in 
the presence of phenylalanine and some of its peptides. 

The effects of phenylalanine and its peptides in reversing the toxicity of 
thienylalanine are indicated by the data in Table I. At low concentrations, 
phenylalanine is approximately as effective or slightly more effective than 
its peptides, but, at moderate concentrations, peptides of phenylalanine are 
usually more effective than phenylalanine in preventing growth inhibition 
by thienylalanine as reported previously (7). However, at high concentra- 
tions (300 units in reversing 10,000 units of thienylalanine), the peptides 
are in general less effective than phenylalanine with the exception of glycyl- 
phenylalanine. This contrast is most apparent with phenylalanylphenyl- 
alanine and alanylphenylalanine which do not reverse the inhibition re- 
sulting from 10,000 units of thienylalanine, even if their concentration is 
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increased in separate experiments to 1000 units. The concentration of 
thienylalanine at which such an effect is observed varies in different assays 
with the other peptides, but usually at concentrations between 10,000 and 
20,000 units of thienylalanine per 5 ml. the peptides become less effective 
than phenylalanine in reversing the growth inhibition. At about 20,000 


A 
o--o TA 
\ e eTAG 
o-—oGTA 
\ 
Z 20} \ 
\ 
Q3 1.0 
D 
o--0 TA TA 
z 60: 60r : 
< e-eTAG ee TAG 
2 o—oGTA GTA 
4 
‘ 
\ 
\ < 
A \ 
O 300 1000 3000 50 100 200 


INHIBITORS, UNITS PER 5 ML, 


Fic. 1. Comparative toxicity of thienylalanine and its peptides for E. coli 9723. 
A, inorganic salts-glucose basal medium; B, basal medium supplemented with 
L-phenylalanylglycine, 30 units per 5 ml.; C, basal medium supplemented with 
pL-phenylalanine, 10 units per 5 ml.; D, basal medium supplemented with pL-tryp- 
tophan, 200 7 per 5 ml. Abbreviations, 7'A, 8-2-thienyl-pL-alanine; TAG, 8-2-thi- 
enyl-pt-alanylglycine; G7'A, 1 unit of inhibitor con- 
tains the equivalent of 1 y of 8-2-thienyl-pL-alanine. 1 unit of phenylalanine or 
its peptides contains the equivalent of 1 y of pL-phenylalanine or 0.5 of t-phenylala- 
nine. Assays incubated for 17 hours at 37°. 


units of thienylalanine, the growth inhibition is not reversed even by 1000 
units of phenylalanine or its peptides, and the inhibition appears not to be 
competitive at this and higher concentrations of thienylalanine. However, 
in separate experiments a trace of glycylphenylalanine allows phenylalanine 
to reverse the growth inhibition resulting from 20,000 units of thienyl- 
alanine, but a trace of phenylalanine does not allow the peptide to reverse 
the growth inhibition. Thus, depending upon testing conditions, either a 
peptide of phenylalanine or the free amino acid may be more active than 
the other in reversing the toxicity of thienylalanine. 
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Data on the toxicity of glycyl-8-2-thienyl-pL-alanine in the presence of 
different concentrations of phenylalanine and some of its peptides are shown 


TABLE I 
Reversal of Growth Inhibition of Thienylalanine with Phenylalanine and Its Peptides 
Test organism, E. coli 9723, incubated for 17 hours at 37°. 


Supplementsf 
ee | aa | Mh | PAG | GPA | LPA PAL | PAPA | APA 
Galvanometer readingst 
units per 5 ml.junits per 5 ml. 

0 10 58 58 58 59 58 58 
30 10 45 46 48 27 36 43 
100 10 44 41 42 18 34 44 
300 10 29 28 32 12 28 27 
1,000 10 4 18 19 8 17 15 

3,000 10 16 15 10 
0 30 59 60 59 58 58 59 61 
300 30 54 50 52 37 49 45 51 
1,000 30 18 44 46 18 46 40 45 
3,000 30 9 30 33 14 32 25 28 
10,000 30 17 19 2 11 
0 100 61 60 62 62 60 61 61 
3,000 100 49 48 50 31 52 48 47 
10,000 100 9 40 46 23 38 2 22 

20,000 100 1 4 24 9 3 

0 300 60 67 61 61 61 67 61 
3,000 300 57 59 59 58 60 58 57 
10,000 300 55 33 58 46 36 3 20 
20, 000 300 2 2 27 6 1 2 8 


*1 unit contains the equivalent of 1 y of pt-phenylalanine or 0.5 y of L-phenyl- 
alanine for phenylalanine and its peptides. 1 unit of pL-thienylalanine is 1 y. 

Abbreviations, PA, p.i-phenylalanine; PAG, u-phenylalanylglycine; GPA, 
glycyl-pL-phenylalanine; LPA, t-leucyl-t-phenylalanine; PAL, t-phenylalanyl-.- 
leucine; PAPA, APA, L-alanyl-L-phenylalanine. 

{ A measure of culture turbidity; distilled water reads 0 and an opaque object 
100. 


in Table II. In the presence of this inhibitor, peptides of phenylalanine are 
less effective than phenylalanine in preventing growth inhibition of E. coli. 
Reversal of the effects of the inhibitor by glycylphenylalanine is competi- 
tive; reversal by phenylalanylglycine is somewhat more effective than 
would be anticipated by a strictly competitive relationship, but this devia- 
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TABLE II ti 
Reversal of Growth Inhibition by Glucylthienylalanine with Phenylalanine mn 
and Its Peptides al 
Test organism, EZ. coli 9723, incubated for 17 hours at 37°. ti 
Supplementst al 
| PAG | GPA | LPA | | PAPA§ | APA 
Galvanometer readings to 
— | gh 
units per 5 mi.\ units per 5 ml. | th 
3 1 55 51 54 27 pe 
10 1 13 2 17 5 ' 

5 | ty 
suf 
0 3 65 65 64 57 | 
3 3 65 65 63 57 . 
10 3 39 4 37 27 acl 
30 3 22 22 18 the 
100 3 9 11 cor 
anc 
0 10 63 65 64 66 58 58 66 nn 

30 10 46 39 48 21 41 38 46 
100 10 46 2 45 20 39 37 4l but 
300 10 44 17 9 23 34 40 Phe 
1,000 10 30 1 5 0 23 20 tive 
10,000 10 31 par 
Phe 

0 30 68 65 65 66 59 59 64 
100 30 54 47 A 
300 30 57 10 54 39 50 49 55 sult 
1,000 30 47 0 32 23 42 42 46 It is 
3,000 30 44 2 10 5 35 43 upo 
10,000 30 46 0 ing 
0 100 65 65 65 59 59 64 unit 
1,000 100 55 63 55 58 58 64 norr 
3,000 100 8 31 48 59 58 65 unit 
10,000 100 2 29 29 59 64 is ey 
0 300 64 60 in 
3,000 300 58 58 unit 
10,000 300 10 58 pept 
good 
* 1 unit contains the equivalent of 1 y of 8-2-thienyl-pL-alanine. quire 
t 1 unit contains the equivalent of 1 y of pt-phenylalanine or 0.5 y of L-phenyl- pay 
alanine. 
t See Table I for abbreviations. equi 
§ Separate experiments. Th 
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tion may be the result of the effect of small amounts of phenylalanine either 
not detected in the sample or produced during incubation. Leucylpheny]- 
alanine and phenylalanylleucine at high concentrations reverse the inhibi- 
tion non-competitively, and phenylalanylphenylalanine and alanylpheny]l- 
alanine are very similar to phenylalanine in reversing the toxicity of the 
peptide analogue non-competitively. 

The behavior of 6-2-thienyl-pL-alanylglycine (Table III) is very similar 
to that of glycylthienylalanine in that reversals of its inhibitory effects by 
glycylphenylalanine and probably phenylalanylglycine are competitive, and 
the latter also reverses somewhat more effectively than would be expected. 
The other peptides and phenylalanine reverse the toxicity in a non-com- 
petitive manner as in the case of glycylthienylalanine. 

The specificity of the peptides of glycine and phenylalanine for competi- 
tive reversal of growth inhibition by peptides of glycine and thienylalanine 
suggested that competitive reversal of the inhibition by a peptide analogue 
would result only with the peptides containing the analogous natural amino 
acids. However, L-leucylthienyl-pL-alanine (Table IV) appears to prevent 
the utilization of both phenylalanylglycine and glycylphenylalanine in a 
competitive manner. Also, the analogous peptides, leucylphenylalanine 
and phenylalanylleucine, have slightly greater effects at intermediate con- 
centrations than would be expected of a strictly competitive relationship, 
but high. concentrations reverse the inhibitor in a competitive manner. 
Phenylalanylphenylalanine and alanylphenylalanine reverse non-competi- 
tively over the initial range of concentrations, but leucylthienylalanine ap- 
parently inhibits their utilization competitively at high concentrations. 
Phenylalanine reverses the effect of the inhibitor non-competitively. 

A special réle of peptides in the growth of EF. coli is suggested by the re- 
sults presented above and is further demonstrated by the data in Table V. 
It is evident that low levels of phenylalanine peptides exert a sparing effect 
upon the amount of phenylalanine required for growth in medium contain- 
ing 1000 or 10,000 units of thienylalanine per tube. In the presence of 1000 
units of thienylalanine, 50 units of phenylalanine alone are required for 
normal growth, while 20 units of phenylalanine and a trace of peptide (5 
units) are sufficient to produce fairly good growth. The sparing effect 
is even more obvious at 10,000 units of thienylalanine per tube. Under 
these conditions, 500 units of phenylalanine give normal growth, while 200 


units of phenylalanine give no growth. However, the addition of a trace of 


peptide of phenylalanine (5 units) with 200 units of phenylalanine can give 
good growth. Sometimes as much as 10 units of certain peptides are re- 
quired for this response. Supplementing the medium with mixtures of two 
or three peptides had no better growth-promoting effect than adding an 
equivalent amount of a single peptide. 

The pronounced effect under appropriate conditions of small amounts 
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III 


Reversal of Growth Inhibition by Thienylalanylglycine with Phenylalanine 
and Its Peptides 


Test organism, /. colt 9723, incubated for 17 hours at 37°. 


B-2-Thienyl- 
DL-alanyl- 
glycine* 


Amount of 
supplementt 


Supplementst 


PA | PAG | GPA 


LPA 


PAL§ | PAPA$§ | APA 


Galvanometer readings 


units per 5 ml. 


0 
10 
30 


units per 5 ml. 


68 
66 
21 
17 


68 
42 
15 
7 
63 
58 
32 
26 
14 
4 
67 67 56 
43 19 45 
37 13 45 
23 9 38 
8 21 
68 65 58 
57 39 54 
55 33 53 
47 24 49 
11 21 46 
11 15 
67 68 59 
69 59 61 
70 46 
14 58 68 


71 
74 


*1 unit contains the equivalent of 1 y of 8-2-thienyl-pL-alanine. 
+ 1 unit contains the equivalent of 1 y of pL-phenylalanine or 0.5 y of L-phenyl- 
alanine. 
t See Table I for abbreviations. 
§ Separate experiments. 


— | 
| 
| unit 
1 67 67 58 
1 43 41 44 
1 11 5 6 
l 9 2 
3 68 67 57 : 
3 63 58 56 
3 22 16 27 ' 
3 19 7 20 
3 12 ‘3 14 
3 | 4 : 
10 67 66 58 67 1 
10 39 36 40 
10 37 14 39 41 
10 39 4 34 30st 
10 27 25 21 
10 26 | 19 
i 10 29 | 
1 
0 30 67 66 59 59 10, 
100 30 54 51 50 
300 30 53 21 49 53 
1,000 30 48 8 46 46 
3,000 30 48 45 51 
10,000 30 54 : 46 1, 
3, 
0 100 59 64 10, 
1,000 100 59 68 
3,000 100 61 
10,000 100 65 1, 
10, 
tl 
alanir 
ts 
§S 
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Reversal of Growth Inhibition by Leucylthienylalanine with Phenylalanine 


and Its Peptides 


Test organism, F. coli 9723, incubated for 17 hours at 37°. 


thienyl-pL- 
alanine* 


units per 5 ml, 


Amount of 
supplementt 


Supplementst 


PA | PAG§ | GPA 


LPA 


PAL | PAPA§ | APA 


Galvanometer readings 


units per 5 ml. 


1 


om 


57 
62 


we 


wasas 


52 
17 


oer 


59 
17 


SESE 


*1 unit contains the equivalent of 1 y of 8-2-thienyl-pL-alanine. 

t 1 unit contains the equivalent of 1 » of pt-phenylalanine or 0.5 y of L-phenyl- 
alanine. 

t See Table I for abbreviations. 

§ Separate experiments. 


| 
| 
0 " | 60 61 58 61 
| 1 1 61 59 58 63 
3 1 10 33 56 39 
| 10 1 4 9 9 11 
30 1 1 3 1 13 
0 3 62 | | 58 57 59 
3 | 56 57 54 
: 10 3 20 | 14 27 20 
) 30) 3 | | 8 18 16 
: 100 3 17 | 4 10 13 
300 3 | | 1 5 
1,000 | 3 10 | | 
| 
0 10 =| 60 | | 60 59 58 50 
: 10 | 10 | 51 26 47 50 42 
| 30 | 10 36 21 33 39 38 
100. | 10 39 17 29 37 35 
7 300 10 | 6 10 31 28 
: 1,000 10 | 22 | 8 14 
10, 000 10 18 1 
0 30 61 55 60 60 58 59 58 
100 30 53 52 52 38 45 50 50 
300 30 2 46 33 42 50 49 
1,000 30 49 | 7 12 il 45 46 
3,000 30 | 9 14 
10,000 30 40 
o | 100 61 60 61 
1,000 100 | 62 59 
10,000 | 100 | | 9 | | 
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V 

Sparing of Phenylalanine by Ita Peptides in Reveraal of Growth Inhibition 
by Threnylalanine 

Teat organiam, colt 0723, incubated for 18 hours at 37°", 


Supplements* 


None | GPA 


A.2-ThienyL 
alanine alanine 


PAG APA LPA 


Galvanometer readings 


units per 5 ml. | unils per 5 ml. 
1,000 0) 1 9) 10 7 10 
1,000 10 1 15 15 11 15 
1,000 20 1 35 35 27 31 
1,000 50 45 59 59 57 58 
10,000 0 1 3 3 3 5 
10,000 100 2 13 27 23 24 
10,000 200 3 48 45 45 51 
10,000 500 64 65 55 53 67 


* For abbreviations see Table I. 5 units (see Table I) of each supplement added 
as indicated, except that 10 units of LPA were added as shown. Units defined in 
Table I. 


TABLE VI 


Comparative Effects of Phenylalanine and Its Peptides on Growth Inhibition by 
Thienylalanine in Media Containing Phenylalanine 


Test organism, FE. coli 9723, incubated for 24 hours at 37°. 


Supplementst 


LPA 


~—e* PA | GPA | PAG PAL | PAPA | APA 


Galvanometer readings 


0 2 2 2 2 2 2 2 

1 5 1 1 2 2 2 

2 42 1 1 2 5 2 

5 59 60 4 10 57 52 

10 60 59 56 59 44 51 
100 4 
200 59 
500 61 


*1 unit contains the equivalent of 1 y of pt-phenylalanine or 0.5 y of L-phenyl- 


alanine. 
t Medium contains 10,000 units of 6-2-thienyl-pL-alanine and 200 units of pi-phen- 
ylalanine per 5 ml. See Table I for abbreviations. 
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of peptides of phenylalanine is shown in ‘Table VI. In a medium con- 
taining 10,000 unite of thienylalanine and 200 units of phenylalanine per 
Himl., 2 units of glyeylphenylalanine produce a growth response almost as 
great as that of an additional supplement of 200 units of phenylalanine. 
Although some of the peptides are less active than others in reversing the 
toxicity of thienylalanine, relatively small amounts compared to phenyl- 
alanine (which is required in 20 to 40 times greater amounts as a supple- 
ment under the testing conditions) are required for reversal of the inhibi- 
tion of growth. 

‘Thus, it is apparent from ‘Tables V and VI that small amounts of pep- 
tides of phenylalanine increase the ratio of thienylalanine to phenylalanine 
necessary for inhibition of growth. 

This special function of peptides can be inhibited by peptide analogues; 
thus, the growth response obtained with 10 units of glycylphenylalanine as 
indicated in Table VI can be inhibited by as little as 200 units of glycyl- 
thienylalanine. This growth inhibition with 200 units of glycylthienyl- 
alanine occurs in the medium containing 10,000 units of thienylalanine, 
which, if added as a supplement in addition to the 10,000 units present, 
would be required in many times the concentration of glycylthienylalanine 
required for growth inhibition. 


DISCUSSION 


From the results presented above, it appears that peptides, both natural 
and their analogues, have biological effects which cannot be attributed 
solely to the effects of the free amino acids formed by hydrolysis of the 
peptides. Although hydrolysis to free amino acids occurs to some extent,' 
this would not account for the results which demonstrate greater activity 
for the peptides than for the free amino acids, particularly the greater ac- 
tivity of small amounts of peptides in the presence of very large amounts 
of free amino acids. Such activities would also rule out such explanations 
as conservation of the amino acid in the peptide form to prevent destruc- 
tion. 

Although without appreciable scientific foundation, there is a prevalent 
concept that competitive inhibition of the utilization of exogenous nu- 
trients by structural analogues frequently results from specific inhibition of 
entry of the nutrients into the cell rather than specific inhibition of met- 
abolic reactions within the cell. The question of cell permeability in £. 
colt does not appear to be a serious one with most metabolites. Extensive 
studies reported by Roberts et al. (15) indicate that a wide variety of sub- 


1 In resting cell experiments with EZ. coli 9723, glycylthienylalanine is hydrolyzed 
to form appreciable amounts of thienylalanine. 
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stances, including di- and tripeptides, equilibrate rapidly with the water 
space of the cell by diffusion. If it were assumed that peptides of phenyl- 
alanine exerted their effects primarily as a result of their free permeability 
to the cell wall in contrast to phenylalanine in /. coli inhibited by thienyl- 
alanine, such an assumption would not explain the inactivity of peptides 
at very high concentrations of thienylalanine. Iven if it were assumed in 
addition that thienylalanine could at high concentrations also prevent 
entry of peptides into the cell, one would be at a loss to explain how a trace 
of peptide could promote growth of the organism in the presence of high 
concentrations of thienylalanine and phenylalanine. Since phenylalanine 
is readily synthesized within the cell by /. coli, competition of the inhibitor 
and metabolite for entry into the cell could not solely account for the 
toxicity of thienylalanine and its peptides. Thus, one can only conclude 
on the basis of these results that the unusual effects reported above pri- 
marily involve metabolic effects within the cell. 

The abilities of phenylalanine to reverse non-competitively the toxicity of 
peptides of thienylalanine, and of peptides of phenylalanine to reverse 
similarly the toxicity of thienylalanine over a range of concentrations, indi- 
cate routes of utilization of peptides different from those of the free amino 
acids. The specificity of the glycine peptides of thienylalanine in inhibit- 
ing the utilization of glycine peptides of phenylalanine and the inability of 
these peptides of thienylalanine to prevent the utilization of the other pep- 
tides of phenylalanine above certain levels indicate that specific routes of 
utilization of different peptides exist. However, one peptide analogue, 
leucylthienylalanine, inhibits the utilization of a variety of phenylalanine 
peptides. Whether transpeptidation reactions have a réle in converting 
different phenylalanine peptides to a leucine peptide of phenylalanine or 
whether the inhibitory analogue can combine with different enzymatic 
sites to prevent utilization of numerous peptides remains to be determined. 
Conversion of phenylalanine and its derivatives to an “active phenyl- 
alanine” by different mechanisms would be consistent with the above data. 

A small amount of a peptide of phenylalanine exerts a sparing effect on 
the amount of phenylalanine necessary to reverse the toxicity of thienyl- 
alanine in such a manner as to result in an increase in the inhibition index. 
Thus, it appears that peptides of phenylalanine can perform a metabolic 
function of phenylalanine without involving the amino acid per se. The 
amount of peptide required for this effect is very small, and the type of 
phenylalanine peptide is relatively non-specific. This effect can be in- 


2 The inhibition index which is independent of absolute concentrations is the ratio 
of inhibitor (thienylalanine) to substrate (phenylalanine) required for a defined 
inhibition (16). 
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hibited by an appropriate peptide of thienylalanine. ‘This effect of phenyl- 
alanine peptides may be the result of the formation of a small amount of 
the proposed “active phenylalanine” or another function of phenylalanine. 


Glycylthienylalanine and thienylalanylglycine are more active than 
thienylalanine in inhibiting growth of Mscherichia coli in the basal inorganic 
salts-glucose medium supplemented with either tryptophan or glycylphenyl- 
alanine, equally active as thienylalanine in the basal medium without sup- 
plements, and less active than thienylalanine in the basal medium supple- 
mented with phenylalanine. 

Peptides of phenylalanine are equally or less active than phenylalanine 
in reversing the toxicity of thienylalanine at low concentrations, more 
active at intermediate concentrations, and frequently less active at high 
concentrations. In contrast to the competitive behavior of phenylala- 
nine, peptides of phenylalanine reverse thienylalanine non-competitively 
over a range of concentrations, but frequently are inhibited non-competi- 
tively again by thienylalanine at high concentrations. Small amounts of 
phenylalanine peptides increase the inhibition index with thienylalanine 
antagonism of phenylalanine, suggesting a specific metabolic réle of phenyl- 
alanine peptides which does not involve phenylalanine per se. 

Glycylthienylalanine and thienylalanylglycine inhibit competitively the 
utilization of either of the two glycine peptides of phenylalanine, but 
phenylalanine and certain other phenylalanine peptides reverse the toxicity 
of these peptides non-competitively. Leucylthienylalanine inhibits the 
utilization of a number of phenylalanine peptides in a competitive manner, 
but phenylalanine reverses non-competitively. It is proposed that speci- 
ficity in sites of utilization of different peptides may be involved which are 
different from phenylalanine utilization, and that the different pathways 
may lead to the formation of a common intermediate in performing the 
functions of phenylalanine. 
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SOLUBILIZATION AND PURIFICATION OF THE 
DIPHOSPHOPYRIDINE NUCLEOTIDASE FROM 
BEEF SPLEEN 


By 8. G. A. ALIVISATOS* ano D. W. WOOLLEY 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York, New York) 


(Received for publication, August 23, 1955) 


Diphosphopyridine nucleotidases (DPNases)! of the so called glycosi- 
dase type, which catalyze cleavage of the ribose-nicotinamide bond in 
DPN, have been known for a long time to be associated with the insoluble 
particles of cells. The enzyme, which was first detected in 1929 (8-5) and 
which was shown by Mann and Quastel (6) and Handler and Klein (7) 
to cleave the ribose-nicotinamide bond in DPN, was also shown by these 
authors to be firmly attached to cell particles. Subsequent investigations 
(8-10) have confirmed this view. 

Previous attempts to render the enzyme soluble, e.g. by MeIlwain (8), 
were either unsuccessful or resulted in very poor yield. Likewise, Alivisa- 
tos, Kashket, and Denstedt (11) were able to obtain in solution only 0.2 
per cent of the enzyme from stroma of rabbit erythrocytes treated by the 
Morton method (12) with n-butanol. As a preliminary to the use of this 
enzyme in dinucleotide synthesis (13), it was desirable to purify it. Solu- 
bilization thus became necessary. This was accomplished by treatment 
of cell fragments with isoamyl alcohol and a solution of deoxyribonucleic 
acid (DNA). The soluble enzyme was then purified by conventional 
methods. 


EXPERIMENTAL 


Materials and Methods—DPN was a 70 per cent pure preparation ob- 
tained from the Sigma Chemical Company. DNA from sperm was from 
the Nutritional Biochemicals Corporation, and another sample of unspeci- 
fied source was from the Schwarz Laboratories, Inc. Alcohol dehydro- 
genase, ribonuclease (RNAase), and deoxyribonuclease were all crystal- 


* Damon Runyon Memorial Fellow. 

' Throughout this paper the following abbreviations have been used: DPN, di- 
phosphopyridine nucleotide; DPNase, the enzyme hydrolyzing the bond between 
nicotinamide and ribose in the oxidized form of DPN; DNA, deoxyribonucleic acid; 
RNA, ribonucleic acid; RNAase and DNAase, ribonuclease and deoxyribonuclease, 
respectively; Tris, tris(hydroxymethyl)aminomethane; Folin, the micro method of 
Lowry et al. (1) for the determination of proteins with the phenol reagent of Folin 
and Ciocalteu (2). 
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line commercial preparations. Proteins were determined either by the 
biuret procedure (14) or by the micro method of Lowry et al. (1) which 
makes use of the phenol reagent of Folin and Ciocalteu (2), or by the 
method of Warburg and Christian (15) from the absorption at 280 and 260 
my. Because values given by these different methods often did not agree, 
values quoted will also include the name of the method. The nucleic acid 
was estimated by the ratio of absorption at 280 and 260 mu. The DPNase 
activity was determined both by the method of Colowick et al. (16), in 
which at the end of the incubation the unattacked DPN was converted 


to the cyano derivative (17), and by means of alcohol dehydrogenase, — 


essentially as described by Zatman et al. (10). The DPNase units were 
calculated as described by Zatman et al. (10). Specific activity was ex- 
pressed as units per mg. of protein. During solubilization and purification 
of the enzyme, all operations were conducted in the cold (0-4°).  Incuba- 
tions were conducted at 38° for 15 minutes unless otherwise specified. 

Homogenization of Beef Spleen—Beef spleen was obtained directly from 
the abattoir. It was collected in ice and utilized as soon as possible. Fat 
and a large part of the capsule were removed. The remainder (mostly 
pulp) was cut into small pieces with scissors and homogenized in a Waring 
blendor with ice and 0.05 M tris(hydroxymethyl)aminomethane (Tris) 
buffer, pH 7.5, for 4 minutes, at high speed. The homogenate was passed 
through cheese-cloth to remove larger particles, which were discarded. 
The resulting suspension contained about 200 to 250 units per ml. and had 
a specific activity of about 2.5 (biuret) or 4.5 (Folin). It was prepared 
in large batches and stored at — 16° for several months without appreciable 
loss of activity. 

Removal of Soluble Proteins—The homogenate was thawed immediately 
before use. It was then centrifuged at 16 XK 108 X g (in a Servall centri- 
fuge) for 30 minutes. The supernatant fluid was discarded. The pre- 
cipitate was washed twice with NaCl, 0.9 per cent, buffered with Tris 
(0.05 m final concentration), pH 7.5 (equal to the initial volume). Each 
centrifugation was performed as above for 30 minutes. The yield of the 
final suspension was 70 per cent of the units; specific activity 5 (biuret) 
or 9 (Folin). Further washings caused loss of units with no increase in 
specific activity. It was found that water or 0.02 m NaHCO; could be 
used for washing the insoluble material. However, packing of the pre- 
cipitate was easier in NaCl. 

Preliminary Studies on How to Render Enzyme Soluble—The experiments 
of Alivisatos et al. (11) with butanol and the Morton method were repeated. 
Most of the enzyme was destroyed. It was reasoned that, if the alcohol 
were less soluble in the aqueous phase where the enzyme was, less destruc- 
tion would occur. N-Butanol was therefore replaced with isoamy] alcohol. 
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The following procedure was devised. <A suspension of washed spleen 
particles was diluted to 150 to 200 units per ml. and stirred continuously. 
An equal volume of cold isoamyl alcohol was added dropwise. The mix- 
ture was stirred vigorously for 30 to 60 minutes. It was then centrifuged 
for 30 to 60 minutes, at 16 X 10* X g. Three phases formed, a lower 
watery phase, a middle phase consisting of cellular débris and gelled pro- 
tein, and an upper alcoholic phase. The top phase was discarded, and the 
lower and middle phases were collected and dialyzed separately with con- 
tinuous stirring against 100 volumes of Tris 0.05 m, pH 7.5. The external 
liquid was changed every 24 hours. This was continued until all the par- 
ticles were precipitated within the dialysis bags and the bags, when set 
free, sank to the bottom of the vessel.2, The dialyzed preparations were 


TABLE I 
Yield of Soluble Enzyme from Differently Washed Suspensions 
Prepa- Nucleic acids, 
rion actin] | pet 
1 Well washed suspension 9.4 100.0 
2 Soluble preparation from (1) 1.4 12 0.7 
3 Once washed suspension 3.7 100.0 
4 Soluble preparation from (3) 2.2 8 5.0 
5 Once washed suspension 3.8 100.0 
6 Soluble preparation from (5) 0.5 8 1.6 
7 Twice washed suspension 4.8 100.0 
8 Soluble preparation from (7) 1.9 8 5.0 


centrifuged for 2 hours at 16 X 10*® X g, and the supernatant fluids were 
combined. 

The yield of soluble enzyme in both combined watery fractions differed 
greatly with respect to the total units of the initial suspension and seemed 
to depend upon the amount of washing of the cell particles (see Table I). 

Fractionation with ammonium sulfate of soluble Preparation 4, Table 
I, gave the results depicted in Table II. The fraction precipitated be- 
tween 30 and 45 per cent saturation contained more than half of the units 
with a 2.8-fold purification. This “good” fraction was richer in nucleic 
acid than the adjoining ones. In subsequent experiments, the fraction 
precipitated between 25 and 45 per cent saturation was taken routinely. 
It contained more than 70 per cent of the units present in the original 
soluble preparation, and the purification was about 3-fold. 


* The rocking dialysis apparatus of Kunitz and Simms (18) speeded removal of 
the alcohol, but did not improve the yield of units. We wish to thank Dr. Kunitz 
for use of his apparatus. 
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In an attempt to remove the nucleic acids which appeared in the soluble 
DPNase preparations, the following experiments were performed. 

Acid Precipitation (19)—Small volumes of Preparation 4, Table I, were 
used throughout. The pH was lowered by addition of 0.1 M acetic acid 
with continuous stirring. The fall of the pH was followed with a glass 


TABLE II 
Ammonium Sulfate Fractionation of Soluble DPNase 
Ammonium sulfate | Specific activity 
fraction,® ucleic acids, per | Activity, per cent 
Original 2.2 1.4 8.0 
0-15 4.8 3.2 5.0 4 
15-30 3.7 1.9 4.0 32 
30-45 6.1 4.0 5.5 52 
45-60 1.3 1.5 0.7 7 
60-80 0.7 0.7 14.0 3 


* Ammonium sulfate was removed by dialysis against 0.1 m Tris, pH 7.4, before 
assay. 


TABLE III 
Effect of pH Changes on Solubility and Specific Activity of Soluble Beef Spleen DPNase 
Nucleic acids,| Activity, 
pH Preparation per cent of | per cent of 
Biuret Pyne atin, protein original 

6.80 Original 2.2 1.4 8 100 
5.80 No pptn. of original 2.2 1.4 8 100 
5.15 Ppt. 2.9 1.5 9 65 
4.85 - 3.2 1.7 8 85 
4.50 = 3.3 1.8 8 91 
5.15 Supernatant 2.7 1.4 3 35 
4.85 ” 0.9 0.5 2 8 
4.50 3 0 


electrode. After the desired pH was reached, stirring was continued for 
an additional 10 minutes. The preparation was then centrifuged at about 
16 X 10° X g, for 10 minutes. The supernatant solution was stirred con- 
tinuously and adjusted to pH 6.5 by dropwise addition of 0.01 Nn KOH. 
The precipitate was suspended in a volume of water equal to the original 
and neutralized as above to give a clear solution. The results from such 
experiments are shown in Table III. The soluble enzyme appeared to 
stay in solution down to pH 5.8. Below this a reversible precipitation 
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occurred which was completed at 4.5. At this pH, some inactive proteins 
(17 to 20 per cent) remained in solution. The specific activity of the pre- 
cipitate increased 1.4-fold. However, there was a slight loss of activity 
at this pH (total recovery of units was 91 per cent). The main objective, 
that is the removal of nucleic acid, was not achieved by this procedure. 

Protamine Precipitation—To 2 ml. of soluble DPNase (fifth preparation, 
Table III) adjusted to pH 6.5 containing about 7 units per ml., specific 
activity 3.3, 0.05 ml. of freshly prepared protamine sulfate solution (20 
mg. per ml., pH 6.5) was added. The pH was restored to 6.5 with 0.01 
xn KOH. Although a precipitate formed, the activity of the total suspen- 
sion remained unchanged. After centrifugation and washing, the super- 
natant solution showed an extremely low (0.55) ratio, 280:260 my, which 
indicated a high content of nucleic acid relative to the protein. This 
supernatant solution was inactive. The precipitate was suspended in 
water and was shown to contain all the activity. The active precipitate 
was insoluble up to pH 10.0. 

Precipitation of Soluble DPNase by DN Aase—Aliquots of 2 ml. each of 
Preparation 4, Table I, containing 18.6 units, were incubated together 
with 0.1 ml. of 0.1 m MgCl, and any one of the following additions: (1) 
none; (2) RNAase 0.1 mg.; (3) DNAase 0.1 mg.; (4) both RNAase (0.1 
mg.) and DNAase (0.1 mg.). The final volume was 2.3 ml. Incubation 
was at 37° for 30 minutes with continuous shaking. Thereafter, the sam- 
ples were dialyzed, with continuous stirring against 0.1 mM potassium phos- 
phate, pH 7.0 (5 liters), for 16 hours, and for 2 additional hours against 8 
liters of distilled water. About 20 per cent of the activity was precipitated 
in samples in which DNAase was present. Negligible precipitation oc- 
curred with RNAase. In the absence of nucleases, no precipitate formed. 
The precipitates were active and accounted for the loss of activity of the 
supernatant liquid. They could be brought back into solution after wash- 
ing two times with water by addition of deoxyribonucleic acid. The super- 
natant fluid of the sample incubated with both RNAase and DN Aase con- 
tained about 3 per cent of nucleic acid relative to the protein, according 
to the ratio Dogo/Doeo. This was about the lowest nucleic acid content 
achievable during purification of the enzyme. If the nucleic acid was 
reduced below 3 per cent of the protein, precipitation of the enzyme oc- 
curred. The failure of the combined nucleases to cause complete precipi- 
tation of the enzyme may have been due to the solubilizing effect of the 
non-dialyzable fragments of nucleic acid.’ 


*It is noteworthy that adenosine triphosphate was found to promote the solu- 
bilization of muscle proteins (20) and of numerous other substances, e.g. ovalbumin 
deoxyribonucleate (21). More recently, Mandl et al. (22) reported similar observa- 
tions on the solubilization of precipitated ovalbumin by RNA or DNA. 
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Evidence That DNA Participated in Rendering Enzyme Soluble—These 
experiments, namely the ammonium sulfate fractionation, acid and pro- 
tamine precipitation, and the effect of RNAase and DNAase, as well as 
the observation that the yield of soluble enzyme was greater in the pres- 
ence of impurities (cf. Table I), suggested that the enzymic protein re- 


mained in solution only in the presence of nucleic acids. This led to the , 


idea that better yields of soluble enzyme might be obtained by addition 
of DNA during the solubilization process. 

The experiments described for the solubilization of DPNase were re- 
peated, except that DNA was added to the suspension of cell fragments 


TaBLE IV 
Yield of Soluble Enzyme in Presence of DNA or Other Agents 

Snecifi |Nucleic acids,} Activity, 

Solubilizing agent per cent of per cent of 
Polyvidonet (5% 0.0 
Yeast RNA (1 gm. per 500 units)............... 0.3 16 1.0 
Sperm DNA (1 gm. per 10,000 units)............ 2.1 16 12.7 
DNA (Schwarz), (1 gm. per 4500 units)......... 1.3 23 6.0 


* In addition to isoamyl] alcohol. 
t Polyvinyl pyrrolidone from the Abbott Laboratories. 


before the isoamyl] alcohol. A control without DNA gave a yield in solu- 
tion of 4 per cent of the total units. With _ A the yield was 11 per cent 
(see Table IV). 

Sperm DNA from the Nutritional Biochemicals Corporation gave con- 
siderably more soluble enzyme than did that from the Schwarz Labora- 
tories, Inc. Yeast RNA, Polyvidone, or strong NaCl did not render the 
enzyme soluble (see Table IV). During solubilization a drop in specific 
activity always occurred from about 5 for the washed particles to about 


1.5 (biuret). 


Final Method for Solubilization and Purification of Enzyme 


Step 1. A solution of 5 gm. of DNA (Nutritional Biochemicals Corpora- 
tion) in 100 ml. of 0.2 m Tris, adjusted to pH 7.5 with KOH, was added to 
250 ml. of a suspension of well washed beef spleen particles (200 units per 
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ml.). The resulting mixture was stirred for several hours in order to break 
up any clumps, and then an equal volume of cold isoamy] alcohol was added 
dropwise while the suspension was stirred vigorously. The procedures of 
centrifugation and dialysis were then the same as those described in the 
section on preliminary studies on how to render the enzyme soluble. All 
these and subsequent operations were conducted at 4°. 

Step 2. Ammonium Sulfate Fractionation—This was the same as that 
described in the preliminary experiments. The precipitate between 25 and 
45 per cent saturation was dissolved in a small volume of 0.1 m Tris, pH 
7.4, and dialyzed free of sulfate against the same buffer. 
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Fic. 1. Adsorption of inactive proteins on alumina Cy at pH 6.1 

Step 3. Adsorption of Inactive Proteins by Alumina Cy—The active frac- 
tion from Step 2 was diluted to 5 to 10 units per ml. with distilled water, 
and the pH was adjusted to 6.1 with 0.2 M acetic acid. Small aliquots of 
this solution were used to determine the amount of alumina Cy required 
for maximal purification and recovery. The adsorbent (64.3 mg. of dry 
residue per ml.) was added dropwise. The suspension was stirred 10 min- 
utes and then centrifuged. Specific activity and percentage recovery were 
determined in the supernatant liquid. The results from such an experi- 
ment are shown in Fig. 1. It was necessary to conduct a pilot experiment 
in each large run because the amount of adsorbent needed for maximal 
efficiency varied. The alumina Cy adsorbed inactive proteins first, but, 
as the amount of adsorbent was increased, the enzyme also was removed 
from solution. An amount of alumina Cy which would result in no more 
than 40 per cent loss of activity, and which would give maximal specific 
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activity in the supernatant solution, was then added to the main batch. 
This step resulted in more than a 2-fold purification. 


Step 4. Adsorption on Calcium Phosphate Gel—The amount of calcium | 


phosphate gel (28.5 mg. of dry residue per ml.) required for complete 
adsorption of the enzyme in the solution from Step 3 was determined in a 
pilot experiment (0.10 to 0.14 ml. per ml. of enzyme solution containing 
5 units). The required amount of gel was added dropwise, and the mixture 
was stirred for 10 minutes. It was then centrifuged. The gel was washed 


with 0.1 M potassium phosphate, pH 7.6, by suspending and stirring for 10 | 
The supernatant liquid contained — 


minutes (volume equal to the original). 
a smal] percentage of units with low specific activity. The gel was then 


TABLE V 
Solubilization and Purification of Beef Spleen DPNase 
Specific activity} Nucleic _ Activ- Activ- | Concen- 
Ne Material | cont of 
Biuret | Folin of protein step original ml. 
Spleen homogenate unwashed 2.4| 4.3 100 | 100 140 
“particles well washed 5.4 | 10.5 70 70 110 
1 | Crude solubilized extract 2.1); 3.9! 16.0 13 9 6 
2 | Ppt. from 1st ammonium sulfate | 7.7 | 10.3 | 10.0 73 7 60 
separation 
3 | Supernatant of alumina Cy 22.2 | 24.3 3.5 65 + 6 
4 | Eluate from calcium phosphate 47.0 3.5 42 2 4 
5 | Ppt. from 2nd ammonium sulfate | 48.0 | 66.0 3.5 61 1 660 
separation 


further eluted as above with 1 m potassium phosphate, pH 8. This eluate 
contained about 60 per cent of the units originally present and showed a 
2-fold increase in specific activity. 

Step 5. Second Ammonium Sulfate Fractionation—The main purpose of 
this step was to obtain the enzyme in a small volume. The potassium 
phosphate was reduced to 0.1 m by dialysis before ammonium sulfate was 
added. ‘The salting out technique was the same as in Step 2. A 1.5- to 
2-fold purification was achieved by this step. The results from a typical 
fractionation are shown in Table V. 

Ultracentrifugal Behavior—A solution of the partially purified enzyme at 
pH 7.5 in 0.2 m Tris was spun at 26 X 10‘ X g in a Spinco analytical 
ultracentrifuge* for 55 minutes. The supernatant liquid contained about 


4Qur thanks are due to Dr. M. Bovarnick for running this sample in the ultra- 
centrifuge. 
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95 per cent of the total activity originally present. Its specific activity 
was practically the same as in the original preparation. A small amount 
(5 per cent) of equally active but heavier components sedimented during 
this treatment. This result clearly indicated that the bulk of the enzyme 
was of relatively small size and probably was in true solution. 


DISCUSSION 


The results presented in this paper indicate that the DPNase of the 
glycosidase type of beef spleen can be brought into solution in association 
with DNA. Mcllwain (8) a few years ago suspected that the enzyme from 
the spinal cord might be a nucleoprotein on the basis of its behavior in 
concentrated NaCl solutions. However, his preparations may possibly 
have been dispersed aggregates stabilized by lipides and other substances, 
because they precipitated slowly when stored in the cold and because his 
crude extracts could not be fractionated successfully.. In the present 
procedure lipides were removed by the isoamyl alcohol. The enzyme 
brought into solution by the new method behaved normally in conventional 
fractionation techniques. Thus, it could be salted out with ammonium 
sulfate and redissolved in water and could be adsorbed on calcium phos- 
phate gel and eluted. Purified solutions could be stored at 0° without 
precipitation or great loss of activity. However, it was observed that re- 
peated freezing and thawing gradually precipitated the active protein. 
This precipitate could be brought partially into solution with large concen- 
trations of DNA. 

Extracts prepared by stirring the washed spleen homogenate with DNA 
for several hours in the cold remained as a perfectly clear solution after 
centrifugation for 2 hours at 16 X 10* X g even without any previous 
action of isoamyl alcohol. However, prolonged centrifugation of such ex- 
tracts always resulted in the precipitation of various amounts of the ac- 
tivity. Such pseudosolutions prepared by the sole action of DNA, but 
without addition of isoamy! alcohol, could not be fractionated in the way 
described for the true solution. 

During the solubilization most of the enzyme (more than 80 per cent) 
was destroyed by the isoamyl alcohol. This destruction was somewhat 
reduced by efficient dialysis of the alcohol-containing solution. 

It is possible that the DNA rendered the enzyme soluble merely by con- 
tributing ionizable groups.’ ‘There may be no specificity to this action of 
DNA. However, if this were the case, it would be hard to understand 
why yeast RNA could not replace DNA. The variations of the yield with 
preparations of DNA from different sources were also suggestive of a more 
specific action. It is possible that insoluble enzymes from other sources 
may behave like DPNase and be rendered soluble by DNA. 
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SUMMARY 


1. Beef spleen DPNase of the glycosidase type, hitherto associated with 
cell fragments, was rendered soluble by treatment with isoamy! alcohol EI 
and deoxyribonucleic acid. | 

2. The enzyme in solution was purified by conventional methods; | 
namely, ammonium sulfate fractionation, adsorption of inactive proteins | 
on alumina Cy, adsorption of the enzyme on calcium phosphate gel, and | F 

| 


elution with phosphate buffers. 
3. The enzyme was purified 60-fold after the stage of crude solution. 
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MECHANISMS IN ENZYMATIC TRANSAMINATION* 


EFFECT OF a-KETOGLUTARATE CONCENTRATION ON THE RATE OF 
EXCHANGE OF THE HYDROGEN OF ASPARTATE 


By MARY A. HILTON, FREDERICK W. BARNES, Jr., anp 
THEODORE ENNS 


(From the Departments of Medicine and Physiological Chemistry, School of Medicine, 
The Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, August 10, 1955) 


A previous publication (1) reported that, when enzymatic transamina- 
tion occurred between aspartate and a-ketoglutarate (20 umoles of each 
per ml.) in 99.8 per cent D.O, the initial rate at which the aspartate became 
labeled with deuterium from the solvent was about 1.6 times the initial 
rate of transamination. When a-ketoglutarate was omitted from the sys- 
tem, so that transamination could not be detected, the rate of exchange of 
the hydrogen of aspartate was reduced to a negligible level. Thus, the 
phenomenon of hydrogen exchange appeared to be intimately concerned 
with the process of enzymatic transamination. However, before a quanti- 
tative formulation of this relationship could be attempted, further informa- 
tion was needed concerning the relative rates of hydrogen exchange and of 
transamination when the concentrations of the initial substrates were 
varied. ‘This paper reports the results of such an investigation. 


EXPERIMENTAL 


Materials—Procedures for preparing the enzyme (2), 1L(+)-aspartic 
acid (2), a-ketoglutaric acid (1), and buffer (1) were described earlier. 


Methods 


The reaction mixtures were prepared by using 99.8 per cent DO as 
solvent. For each experiment two flasks, each containing a solution of 
L(+)-aspartate and a-ketoglutarate in buffer at pH 7.4, were allowed to 
come to temperature equilibrium in a water bath maintained at 37.5° + 
0.1°. The appropriate amount of enzyme solution, containing 3 mg. of 
the enzyme preparation per ml., density 1.108 gm. per ml., was weighed 

* This investigation was supported by research grants from the National Insti- 
tutes of Health, United States Public Health Service; the Nutrition Foundation, 
Inc.; the American Cancer Society, Inc., Maryland division; and by an Institutional 
Grant from the American Cancer Society to The Johns Hopkins University School 
of Medicine, Baltimore. 

Presented before the forty-fifth annual meeting of the American Society of Bio- 
logical Chemists, Atlantic City, April 12-16, 1954. 
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834 MECHANISMS IN ENZYMATIC TRANSAMINATION 
into a small beaker of known weight. This solution was brought to tem- 
perature and at zero time was poured quickly into the appropriate flask 
containing substrates in buffer, while the flask contents were being rapidly 
swirled. The beaker was then quickly reweighed to determine the amount 
of enzyme solution actually dispensed into the flask. After thorough mix- 
ing of the enzyme solution with the flask contents, a specific volume of the 
transaminating mixture was removed in a 5 ml. graduated pipette which 
had been stored in an oven at 40° until used. This aliquot was quickly 
transferred to a cell maintained at 37.5° in a Beckman spectrophotometer, 
and continual measurements were made of the optical density as a func- 
tion of time. A description of this procedure and calculations relating 
spectrophotometric data to the rate of transamination have been described 
(1). 

After the designated time interval (Table I), the pH of the reaction 
mixture was quickly lowered to 2 to 3 by rapid addition of the appropriate 
amount of 14 per cent HNO;. Solutions of known amounts (Tables I and 
II) of both L(+)-aspartic and L(+)-glutamic acids were then mixed well 
with the contents of each flask. The resultant mixture was dialyzed 
against 0.001 n HNO; to remove the enzyme, and aspartic and glutamic 
acids were isolated separately from the dialysates and purified as described 
earlier (1). Finally, mass spectrometric measurements were made of the 
ratio of deuterium to protium in the hydrogen gas evolved from the water 
of combustion of each of the purified amino acids (1). 

The major source of error discernible in the method lay in the lack of 
rigid temperature control in transferring the aliquot of reaction mixture 
from the flask to the Beckman cell. Nisonoff and Barnes (3) have shown 
that a fall in temperature from 37.5-33.99° causes the initial rate of 
transamination to drop 18 per cent. From the temperature readings re- 
corded at the end of each experiment (Table II) and from the linearity of 
the rates of reaction observed, it seems unlikely that as much as a 1 per 
cent drop in temperature occurred during the transfer, so that the error 
in measuring the actual rate of transamination may be estimated to be no 
greater than +6 per cent. Other errors in the method are considered to 
be well within this limit (1). 

In Experiment 3, the amino acids were subjected to chromatographic 
separation on a column of Amberlite IR-4B, by a modification of the 
method described by Partridge and Brimley (4). The resin, after treat- 
ment with 1 N HCl, was poured into a column (2.2 cm. internal diameter) 
to a depth of 44 cm. The resin column was washed thoroughly with dis 
tilled water and then regenerated with 0.25 N sodium acetate. Again the 


column was washed thoroughly, and a test solution was applied at the rate 
of 1 ml. per minute. 


This solution, simulating the mixture encountered 
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in dialysates of the enzymatic reaction mixtures studied, contained 15 mg. 
of oxalacetic acid, 274 mg. of a-ketoglutaric acid, 542 mg. of L-glutamic 
acid, 515 mg. of L-aspartic acid, 1.992 gm. of NaNO, and 50 ml. of 0.132 


TABLE 


Rates of Labeling of Aspartate with Deuterium from Solvent in Systems Exhibiting 
Various Rates of Transamination 


Rate of 
Experi- | aspartic | “;Kete- | Reaction Final Rate of aoe in eee labeling of 
acid ome time volume* acid. aspartic acid with 
mumoles atom mumoles 

la 0.625 | 0.625 1.51 295.3 33 473.2 0.1940 | 113 

lb 0.625 | 0.625 2.52 245.2 27 483.1 0.227 97 

2a 0.625 | 20 2.02 345.2 49 473.0 0.1392 52 

2b 0.625 | 20 3.02 220.2 36 481.7 0.1447 57 
3a 10 5 2.70 403.3f | 86 851.4§ | 0.1541 | 300 

3b 10 5 4.09 403 .0¢ | 106 851.4§ | 0.1940 | 243 
4a 20 20 144 206 
4b|| 20 20 140 229 

5a 20 5 2.51 45.5 | 128 370.1 0.1390 | 311 

5b 20 5 3.55 45.8 | 154 370.1 0.190 300 
6a 20 0.625 2.06 120.5 71 170.2 0.299 310 
6b 20 0.625 3.01 95.3 7 236 .0 0.315 281 
7a 20 0.01 10.42 100.0 2+ 150.1 1.057 222 
7b 20 0.01 20.01 100.1 164.2 1.955 221 
8a 20 0.001 | 10.01 97.2 0.2+ | 182.6 0.288 69 
8b 20 0.001 | 20.00 96.4 199.3 0.512 64 
Ja-d|| | 20 0 0 8-14 


* Corrected for aliquot removed to Beckman cell. 

t Calculated from spectrophotometric data (1), except those figures marked (*), 
which were calculated from the kinetic data of Nisonoff and Barnes (3). 

t Includes 7.7 ml. of 14 per cent HNO; added at the end of the reaction. 

§ Added to 100 ml. of total mixture. 

|| From previously published data (1). 

Conditions of the above experiments: final concentration of the enzyme prep- 
aration = 0.112 mg. per ml.; pH = 7.4 in 0.033 m phosphate buffer; solvent = 99.8 
per cent D.O; temperatures listed in Table II. 


M phosphate buffer, pH 7.3, in a total volume of 300 ml., adjusted to a 
final pH of 3.13 by adding 1.6 ml. of 14 per cent HNO;. The column was 
then eluted with 0.102 n acetic acid, at rates not exceeding 1 ml. per minute, 
and the effluent was collected in hourly fractions. The elution of the 
components of the mixture with 1.1 liters of 0.102 N acetic acid, followed 
by 2.8 liters of 0.25 n HCl, is outlined in Table III. Glutamic acid was 
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obtained by evaporating the appropriate fraction to dryness in vacuo, dis- 
solving the residue in 15 ml. of boiling distilled water, and decolorizing with 
charcoal. ‘The filtrate from this treatment was evaporated to 5 ml., the 
pH adjusted to 3.18 with 5 n HCl, and the suspension chilled to facilitate 
maximal precipitation of the glutamic acid. The crystals were filtered onto 
sintered glass in the cold and washed with cold water, absolute alcohol, 


TABLE II 


Extent of Incorporation of Deuterium from Solvent into Glutamate Formed during 
Enzymatic Transamination 


isolated lutamic Glutamic acid labeledt Beckman cell 
mg. atom per cent excess per cent °C.t 
la 494.5 0.0637 134.2 37.30 
lb 494.6 0.0736 131.6 37.40 
2a 495 .0 0.0905 81.0 37.38 
2b 495.0 0.0779 110.3 37.52 
3a 507 0.2104 97.5 37.40 
3b 507 .0§ 0.334 93 .6 37.55 
4a 98.7 
4b 88.0 
5a 495.5 0.0420 87.5 37.40 
5b 496.4 0.0599 73.2 37.70 
6a 494.9 0.0782 135.1 37.30 
6b 495.1 0.0926 132.9 37 .35 


* For other information needed in calculations, see Table I. 

1 These figures represent the per cent of the total glutamate present at the end of 
the reaction (calculated from spectrophotometric data) which has incorporated 
deuterium to the extent of 1 atom per molecule. 

t The temperature in the water bath in which the reaction vessels were immersed 
was 37.5 + 0.1°. 

§ Added to 300 ml. of the total mixture. 


and ether. Analysis of the product, dissolved in 0.1 N HCl, by paper 
chromatography revealed no contamination with aspartic acid, which can 
be detected at a level of 2 per cent of the total amino acid under the con- 
ditions used. The yield of glutamic acid was 386 mg. or 71 per cent. 
Aspartic acid was isolated by evaporating the fraction designated above 
to a yellow syrup. This residue was taken up in 5 ml. of water and the 
pH (1.22) adjusted to 2.85 with 40 per cent NaOH. The resultant heavy 
suspension of crystals was chilled, filtered, and washed as previously de- 
scribed, and finally recrystallized once from about 8 ml. of water. The 


product was shown by paper chromatography to be identical with purified 


as 
ac 
Tl 
ac 

El 

the 
and 
spot 
wat 

mol 
phe 

of ef 
prec 

that 
x 
+24 
ylelc 
I 
fro 
of e: 
grap 
that 
tures 
that 


1 of 


M. A. HILTON, F. W. BARNES, JR., AND T. ENNS 837 


aspartic acid, and there was no indication of contamination with glutamic 
acid, which is detectable at a level of 3 per cent under the conditions used. 
These crystals do not give positive qualitative tests for phosphate or keto 
acids, and show a specific rotation of +23.94° (22.5°), compared with 


TABLE III 
Elution of Components of Transaminase Reaction Mixture from Amberlite ITR-4B 
Fraction} Total volume Ami . 
“ ino acids Phosphatest | Keto acidst Nitrate 
No. effluent Pp 
ml. 


0-882 4 
882-2179 3.2 | (Glutamie acid) 
3 


1 

2 

3 2179-2874 3.2) +4 Faint 
4 2874-2984 1.5 | +** (Aspartic acid) 
5 2984-3022 1.1 + + 
6 3022-3192 | <1 - ~ + - 
7 3192-3348 | <1 -- _ + + 
8 3348-3895 | <1 + 


* Detected by applying a drop of efuent to Whatman No. 2 filter paper, allowing 
the paper to dry in air, spraying the paper with 0.5 per cent ninhydrin in n-butanol, 
and drying it directly over a hot-plate. Fractions which produced a pink to purple 
spot were subjected to descending paper strip chromatography, with 3:1 phenol- 
water as solvent, to determine which amino acid was present. 

t Detected by testing 0.5 ml. of effluent with an equal volume of ammonium 
molybdate solution. 

t Detected by testing 0.5 ml. of effluent with an equal volume of 2:4 dinitro- 
phenyl-hydrazine solution (5). 

§ Detected by adding 1 ml. of a saturated solution of nitron in 0.25 n HCl to 1 ml. 
of effluent. When amounts of nitrate are low, it may take 1 to 2 hours for the white 
precipitate to form. 

|| Glutamic acid isolated from this fraction. 

{ This fraction discarded. Contains very low concentrations of amino acid, so 
that contamination of one amino acid with the other cannot readily be assessed. 

** Aspartic acid isolated from this fraction. 


+24.00° (23.8°) obtained with a sample of purified aspartic acid. The 
yield of aspartic acid eluted from the column was 367 mg. or 71 per cent. 

In the earlier method (1) used to separate aspartic and glutamic acids 
from a transamination mixture, repeated crystallization (up to six times) 
of each amino acid did not achieve complete elimination of chromato- 
graphically detectable amounts of the other. It was also quite apparent 
that the relatively large amounts of nitrate present in the amino acid mix- 
tures to be separated interfered with the recovery of the amino acids, so 
that often only about 20 per cent yields could be realized. The present 
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chromatographic method allows complete separation of the amino acids 
from each other, with the glutamic acid obtained free from any of the other 
components of the mixture. The fraction containing the aspartic acid is 
completely free of nitrate, but does contain most of the phosphate and a 
small portion of the keto acids originally present in the mixture. The 
relatively good yield and the purity of the aspartic acid obtained after only 
two crystallizations indicate that there is no real need to alter the method 
to eliminate these contaminants from the fraction containing aspartic acid, 
although this can be done by a more prolonged elution process carried out 
at the higher pH. The use of a longer column allows more complete sepa- 
ration of the amino acids, so that a fraction containing no amino acid ap. 
pears after the elution of glutamic acid and before the emergence of aspar- 
tic acid. This is a more time-consuming procedure, but results in slightly 
better yields of each amino acid, if such are desired. 

Before the above method could be used in the present work for separa- 
tion of aspartic and glutamic acids, it was necessary to determine whether 
the resin has any effect on the stability of the deuterium found in the amino 
acids here studied. This was done by applying the foregoing chromato- 
graphic separation procedure to a mixture of deuterioaspartic (0.130 + 
0.011 atom per cent excess deuterium) and glutamic (0.041 + 0.006 atom 
per cent excess deuterium) acids labeled during enzymatic transamination 
in D.O. . The aspartic acid obtained from the column contained 0.142 + 
0.006 and the glutamic acid 0.039 + 0.003 atom per cent excess deuterium, 
which indicated that the resin does not cause the loss of deuterium from 
these amino acids, at least under the conditions employed. 


Results 


The results of the experiments relating rate of transamination to rate of 
labeling of aspartate with deuterium are summarized in Table I. In each 
experiment, the reaction was stopped while transamination was still pro- 
ceeding at the initial rate. Under these conditions, reaction between the 
products, glutamate and oxalacetate, may be considered to be occurring 
to only a negligible extent (1,2). Even in Experiment 2b, which continued 
until 17 per cent of the original aspartate had undergone transamination, 
the spectrophotometric data indicated that the rate of formation of oxal- 
acetate remained linear throughout the 3 minute course of the reaction. 

From the data in Table I it is clear that, when the initial concentrations 
of aspartate and of a-ketoglutarate are varied in systems containing a coD- 
stant amount of transaminase preparation, the rate at which deuterium 
atoms are incorporated into stable positions within the aspartate molecule 
is always greater than the measured rate of transamination. When the 
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aspartate concentration is held constant at 20 umoles per ml., this rate of 
exchange of hydrogen between aspartate molecules and the solvent remains 
relatively constant as the a-ketoglutarate concentration is varied between 
20 umoles and 0.01 umole per ml. of reaction mixture. At this latter con- 
centration of keto acid, the rate of transamination cannot be measured 
spectrophotometrically, but can be estimated from kinetic data (3)... When 
no a-ketoglutarate is added, a negligible rate of incorporation of deuterium 
into aspartate is observed. 

Considerable variation was found in the deuterium content of the glu- 
tamate formed in the reaction (Table IT), indicating that from 0.73 to 1.35 
atoms of deuterium had been incorporated into each glutamate molecule 
calculated from the spectrophotometrie data to be present at the end of the 
reaction. It seemed advisable to define more accurately the deuterium 
content of the glutamate formed, since earlier work (1, 6-8) has led to 
the concept that each molecule of glutamic acid formed during enzymatic ° 
transamination in D.O acquires 1 atom of deuterium from the solvent. 
Accordingly, Experiment 3a (Tables I and II) was conducted with N?*- 
L(+ )-aspartic acid (5.830 atom per cent excess N!*) as a substrate, which 
was synthesized by Dr. Susanne von Schuching by a method to be pub- 
lished separately. The glutamic acid isolated at the end of the reaction 
was found, in three measurements (9), to contain 0.113, 0.112, and 0.111 
atom per cent excess N', From these figures and the data in Tables I 
and II, it can be calculated that at the end of the reaction 67.5 umoles of 
glutamic acid were labeled with N! derived from aspartate, while these 
same glutamic acid molecules contained 66.7 y atoms of deuterium. 

Since the enrichment of the isolated glutamate with N" serves as an 
absolute measure of the number of glutamate molecules present at the end 
of the reaction, these data show that each glutamate molecule formed dur- 
ing the reaction contains 0.99 atom of deuterium derived from the solvent. 
This strongly supports the view that enrichment has occurred exclusively 
in the a-hydrogen atom of the glutamate molecule. 

The measurement of the total amount of N’ transferred from aspartate 
to glutamate also provides an absolute check on the accuracy of the spec- 
trophotometric method. By the latter procedure (Fig. 1) it may be calcu- 
lated that 68.3 uwmoles of oxalacetate, and also of glutamate, were formed 
in 300 X (395.6/403.3) mt. of the reaction mixture in 2.70 minutes. This 
figure agrees within 2 per cent with the 67.5 umoles of glutamate found to 
have been formed in the same system through calculations based on N'5 
measurements. The spectrophotometric method can thus be confidently 
used as a reliable means of measuring the initial rates of transamination 
in the enzymatic system described (2). 
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400 


OPTICAL DENSITY x 10° 


TIME IN. MINUTES 


200 A 


Fic. 1. Rate of increase of oxalacetate concentration (in terms of optical density 
units) in the transamination mixture of Experiment 3a (see Tables Land IT). Extra- 
polation is necessary for estimation of the optical density at zero time so that the 
total change in optical density in 2.7 minutes may be ascertained. The initial lag 
observed above is encountered infrequently in experiments of this kind. Obviously, 
in this experiment the extrapolation is somewhat arbitrary, but the error so incurred 
can be estimated to be within +3 per cent. 


DISCUSSION 


Karlier work (1) has shown that, during enzymatic transamination, the 
hydrogen exchange which occurs in otherwise unreacted aspartate is de- 
pendent upon the presence of both a-ketoglutarate and enzyme. How- 
ever, the rate of incorporation of deuterium into aspartate is not greatly 
affected by wide variations in the concentration of a-ketoglutarate (0.01 
to 20 umoles per ml.). This provocative finding indicates that the process 
of hydrogen exchange does not require a stoichiometric reaction between 
aspartate and a-ketoglutarate such as is clearly necessary for the transfer 
of the amino group. Experiments 7 and 8 are most convincing in this 
regard, for they reveal that 111 and 332 molecules of aspartate, respec- 
tively, are labeled with deuterium in the same interval as is required for 
transamination of 1 molecule of aspartate with a-ketoglutarate. It ap- 
pears, therefore, that the keto acid serves in some way to activate the 
hydrogen exchange reaction, although the mechanism of this process prob- 
ably cannot be defined until further purification of the enzyme is achieved. 
However, several possibilities may be entertained. 

First of all, these findings are compatible with the assumption that 
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hydrogen exchange is contingent upon the formation of a ternary complex 
involving enzyme and amino and keto acids, a situation already proposed, 
on the basis of kinetic data, as a prerequisite for enzymatic transamination 
(3)... This ternary complex, in keeping with the equilibrium point of 
the reaction, should yield a constant number of labeled aspartate molecules 
for every glutamate molecule formed (and also labeled) during transamina- 
tion. However, there must be certain properties of the complex which 
will allow hydrogen exchange to proceed at a near maximal rate when the 
rate of transamination is greatly reduced by restriction of the amount of 
keto acid supplied to the system. 

One possibility is that each enzyme molecule possesses several catalytic 
sites and that the combination of a-ketoglutarate with enzyme at any one 
site serves to activate hydrogen exchange in aspartate molecules within 
the influence of any of the other catalytic sites. ‘The low Michaelis con- 
stant for a-ketoglutarate and enzyme, relative to that of aspartate and 
enzyme (3), would favor the efficiency of such a system. Of course, when 
transamination does occur, there is no loss of total keto acid; thus the 
process of hydrogen exchange can readily continue. 

The above hypothesis would apply whether or not the coenzyme were to 
serve as an intermediary in the reaction; if activation were achieved by 
pyridoxal phosphate formed through transamination between a-ketoglu- 
tarate and pyridoxamine phosphate (10), this would merely add one more 
step to the over-all process. 

A possible variation of this mechanism for activation of the hydrogen 
exchange process by traces of a-ketoglutarate might be through conversion 
of the enzyme to an activated form by initial contact with the keto acid. 
This activated enzyme alone might then catalyze hydrogen exchange 
between aspartate and the solvent just as it might also participate in 
ternary complex formation. Full activation of the enzyme at a concen- 
tration of 0.112 mg. per ml. seems to require the presence of a-ketoglutarate 
at a concentration between 0.01 and 0.001 mmole, or an approximate 
weight ratio of keto acid to total protein of between 1:100 and 1:1000. 
Participation of the coenzyme in such an activation process is an interest- 
ing possibility which can be more conclusively investigated when the 
enzyme becomes available in purified form. Meister et al. (10) have dem- 
onstrated a keto acid activation, which appears to involve pyridoxal 
phosphate, in the aspartic decarboxylase system of Clostridium welchit. 
However, in this system keto acid is not a normal substrate as it is in 
transamination. 

Systems such as those suggested above would provide for hydrogen ex- 
change at two different stages in one over-all mechanism of hydrogen ex- 
change and transamination. This can be mathematically approximated 


1 Nisonoff, A., and Barnes, F. W., Jr., to be published. 
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as follows: The observed rate of labeling of aspartate may be assumed to 
be equal to the rate of labeling produced by the fully activated enzyme 


when transamination is not occurring to a significant extent (approximately | 


222 mumoles per ml. per minute, from Experiment 7), decreased by some 
function of the a-ketoglutarate concentration, since substrate quantities of 
the keto acid must serve to minimize this extratransamination labeling. 
To this must then be added the rate of release of labeled aspartate from 
the postulated intermediate complex formed as a prerequisite to trans- 
amination; this should occur at a rate bearing a constant relationship to 
the rate of transamination (55:43 or 1.38:1, from Experiment 2). This 
summation may be expressed in equation form: observed rate of labeling of 
aspartate = 222 — f K + 1.3 (rate of transamination) in which rates are 
expressed as millimicromoles per ml. per minute, K is the concentration 
of a-ketoglutarate in millimicromoles per ml., and the concentrations of 
aspartate and of enzyme are constant at 20 umoles and 0.112 mg. per ml., 
respectively. The value of f is found to be 0.01 minute by substituting 
the data of Experiment 4 in the above equation. The rate of labeling of 
aspartate in Experiments 5 and 6 may then be calculated: 

(5) 222 — 0.01 (5000) + 1.3 (141) = 355 myumoles per ml. per min. 

(6) 222 — 0.01 (625) + 1.3 (73) = 311 mumoles per ml. per min. 


Agreement of these calculated rates with the observed rates (‘Table I) is 
encouraging, although considerable additional data would be needed to 
put this expression to a rigorous test. For the present, of course, any such 
mathematical expression serves only to stimulate additional experimenta- 
tion. 


SUMMARY 


The relative rates of transamination and of formation of deuterioaspar- 
tate during enzymatic transamination in D,O have been explored in sys- 
tems containing varying initial concentrations of the substrates, aspartate 
and a-ketoglutarate. The rate of incorporation of deuterium atoms into 
aspartate is found to be always greater than the rate of transamination. 
High concentrations of a-ketoglutarate, relative to the concentration of 
aspartate, depress the rate of formation of deuterioaspartate appreciably, 
while producing little effect on the rate of transamination. The signifi- 
cance of these findings is discussed. 

When N"-aspartic acid is used as a substrate in the above system, the 
ratio of deuterium to N" in the isolated glutamic acid is 0.99:1, which in- 
dicates that each molecule of glutamate formed in the reaction acquires | 
atom of deuterium from the solvent. This supports the present concept 
that the a-hydrogen atom has participated in the exchange. The rate of 
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transamination derived from the rate of transfer of N'® from aspartate to 
glutamate compares within 2 per cent with the rate of transamination 
calculated from spectrophotometric measurements. The reliability of the 


| spectrophotometric method in measuring the rate of enzymatic transamina- 


tion is thus established. 

A published method involving ion exchange chromatography is modified 
for the separation of aspartic and glutamic acids from the enzymatic sys- 
tem described. It is shown that samples of these amino acids which have 
been labeled with deuterium during enzymatic transamination may be 
adsorbed on a column of Amberlite IR-4B and subsequently eluted with- 
out altering the concentration of deuterium in either compound. 


The authors wish to acknowledge their indebtedness to Dr. Susanne von 
Schuching for the synthesis of N!°-aspartic acid, to Mrs. John H. Yardley 
and Mr. William F. Seip for technical assistance throughout much of the 
experimental work, and to Mrs. Robert LaFollette for the typing of the 
manuscript. 
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AN ENZYMATIC CLEAVAGE OF THE CHOLESTEROL 
SIDE CHAIN* 


By EZRA STAPLE, WILLIAM S. LYNN, Jr.,f SAMUEL GURIN 


(From the Department of Biochemistry, School of Medicine, University of 
Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 18, 1955) 


In studies previously reported from this laboratory (1), it has been 
shown that aqueous cytoplasmic extracts of beef adrenals contain an en- 
zyme system capable of cleaving the side chain of cholesterol to yield iso- 
eaproic acid. ‘The steroid fragment resulting from this cleavage has now 
been identified as A5-pregnene-36-ol-20-one (pregnenolone). This sub- 
stance has previously been isolated from adrenal glands and has been shown 
to be oxidized to progesterone (2), which is a known precursor of several 
steroid hormones (3). The work reported here deals with the isolation 
of the two fragments, the cofactor requirements of the enzyme system, and 
some preliminary information on the mechanism of this cleavage. 


EXPERIMENTAL 


Substrales—Cholesterol-26-C“% was prepared from 25-ketonorcholesterol! 
according to the procedure of Dauben and Bradlow (4). The product 
which contained less than 1 per cent of 25-dehydrocholesterol-26-C™ was 
purified by chromatographic procedures (3). 

Cholesterol-4-C™ was prepared by previously reported methods (5) and 
was also purchased.2?- Both materials were chromatographed (6) before 
use. 
Progesterone-4-C™ and progesterone-21-C™ were obtained from commer- 
cial sources.2. ‘These substances were essentially chromatographically pure 
when used (7). 

22-Hydroxycholesterol was prepared from 22-ketocholesterol (8) by re- 
duction with lithium aluminum hydride in ether solution. Repeated 
crystallization of the mixture of isomers formed yielded predominantly 
the higher melting form (m.p. 175°). Since Stabursik (9) has reported 


* Aided by grants from the Atomic Energy Commission and the Heart Institute 
of the National Institutes of Health. 

t Fellow, American Cancer Society, 1953-55. 

'This material was kindly supplied to us by Dr. Kugene Oliveto of the Schering 
Corporation. 

? Cholesterol-4-C'™ and progesterone-4-C' were obtained from Radioactive Prod- 
ucts Inc., Detroit, Michigan. The progesterone-21-C'4 was purchased from Charles 
E. Frosst and Company, Montreal, Canada. 
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the isolation of the higher melting isomer, with a melting point at 186° 
from the flowers of a lily, Narthecitum ossifragum, it may be that our prod- 
uct still contained some low melting isomer, although it was apparently 


homogeneous when examined chromatographically (5). The structure of , 


the compound prepared by us was confirmed by infra-red spectra. 
All of the above steroid substrates were added as emulsions in 1 per cent 


bovine serum albumin prepared according to Anfinsen and Horning (10), | 


However, in the case of progesterone it was possible to add the compound 
directly to the incubation mixture without seriously impairing the yield 
of products. 

Isolation Procedures—I socaproic acid was isolated, cholesterol-26-C" be- 
ing used as substrate, directly from the incubation mixture following de- 
proteinization with 4 volumes of cold ethanol. After removal of the alco- 
hol and acidification, the ether-soluble acidic fraction was further separated 
by use of two paper chromatographic systems. In one, the free acids 
were separated by means of the butanol-diethylamine-water system (11) 
and, in the other, the sodium salts of the acids were separated by using 
the butanol-ammonia-water system (12). Final identification of the radio- 
active acid was accomplished by the addition of carrier acid to the eluted 
radioactive acid and the preparation of two derivatives, the p-bromophen- 
acyl ester and the anilide. These derivatives were then recrystallized to 
constant activity as shown in Table I. 

Radioactive steroid products, with cholesterol-4-C™ as substrate, were iso- 
lated from the incubation mixtures by ether extraction after prior depro- 
teinization with ethanol. The resultant mixture containing the steroid 
substances was separated into two fractions by adsorption on Florisil 
columns according to the method of Nelson and Samuels (13). The chloro- 
form eluate which we have designated as the “‘non-polar”’ fraction contained 
substances less polar than progesterone in this system. ‘The methanol- 
chloroform (1:3) eluate designated as the “polar” fraction contained 
progesterone and more polar steroids. ‘These roughly separated fractions 
were then subjected to paper chromatography. ‘The less polar steroids 
were separated by the phenoxyethanol-heptane system of Neher and 
Wettstein (6), and the more polar compounds by means of the propylene 
glycol-toluene systems of Zaffaroni and Burton (7). Pregnenolone and 
progesterone were identified by elution of the appropriate radioactive 
areas in the paper chromatograms, addition of carrier compound, and 
crystallization to constant specific radioactivity (Table 1). The preg 
nenolone was characterized further by reduction with lithium aluminum 
hydride to yield A*-pregnene-32 ,208-diol in 75 per cent yields. In the 
ease of progesterone, a small amount of the above 3,20-diol could also be 
obtained by comparable reduction. 

Tissue [Extract Preparation—The active enzymes for the cleavage reae 
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tion were found in the supernatant portion of the adrenal tissue homoge- 
nate. ‘This was prepared by homogenizing whole steer adrenal glands in 


- 3 volumes of 0.3 m sucrose solution with the aid of a tissue press and a 
| Potter-Elvehjem homogenizer. The homogenate was then cleared of 


particles by centrifugation at 100,000 X g for 30 minutes. 
Cofactor requirements for the enzyme system were studied with the 
protein fraction derived from the above tissue extract by precipitation 


TABLE I 
Radioactivity of Products and Derivatives from Cleavage of Cholesterol-C™ 


Melting point No. of Radioactivity 
Compound Crystallization solvent 
: tet Total | C.p.m. 
Reported | Found jtallized Weight counts |per mg. 

p-Bromophenacy] iso- | 77 76 Ethanol-water 7 19 

caproate 76 6 21 

Isocaproic anilide 111 110 Ethanol-water 1 17 


w 


A’-Pregnene-38-ol-20- |190 190 Acetone-heptane 


mg 

1 10. 203 

2 4. 97 

1 20. 340 

2 10 180 

3 4, 90 

1 22 300 
one (pregnenolone) 2 10.6 90 9 
190 3 5 55 10 
Progesterone 128 128 1 Acetone-heptane | 33 390 12 
2 22.2 | 320 14 
128 3 10 165 17 
A’-Pregnene-38,208- |205-207| 207 1 Acetone-heptane | 10.2 90 9 
diol 2 5 54 11 
207 3 3 35 11 
207 1 9.8 | 220 22 
2 6 100 17 
207 3 33 40 18 


with half saturated ammonium sulfate solution, followed by dialysis of 
the protein in cold water for 24 hours. 

Incubation—Most incubations were carried out at 37° for 3 hours with 
shaking. ‘The gas phase was air. The pH was 8 to 8.5 with tris(hydroxy- 
methyl)aminomethane as the buffer. 

Radioactivity M casurements—All radioactivity was measured directly by 
counting samples in a gas flow counter. The activity was corrected for 
self-absorption to “infinite thinness,” 


RESULTS AND DISCUSSION 


As shown in Table IT, only diphosphopyridine nucleotide and adenosine 
triphosphate have been found to be essential for the cleavage of the cho- 
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lesterol side chain to yield isocaproic acid. Coenzyme A, Mgt, adenosine 
diphosphate, adenosine monophosphate, nicotinamide, hexose diphosphate, 
and ascorbic acid did not appear to have any appreciable effect. Lowering 
of the oxygen tension by incubating with nitrogen as the gas phase did 
not appreciably affect this cleavage. 


TABLE II 


Steam-Volatile Radioactive Acids from Adrenal Fractions Following 
Incubation with Cholesterol-26-C'4 


Fraction Total counts per minute 


Dialyzed 0-40 per cent ammonium sulfate fraction of adrenal supernatant 
fluid 


Tissue preparation, 5 ml. of supernatant fluid obtained from homogenate (1 part 
gland-2.5 parts 0.25 m sucrose solution); substrate, cholesterol-26-C'4 (30,000 
c.p.m.); cofactors, DPN, 0.002 m, ATP, 0.002 m, CoA, 0.002 m, MgCle, 0.02 m; incu- 
bation time, 3 hours; gas phase, air. 

* DPN, diphosphopyridine nucleotide; ATP, adenosine triphosphate; CoA, co- 


enzyme A. 


Free radioactive progesterone and pregnenolone could not be isolated 
from the incubation mixtures except under two special circumstances. 
In one case, these two steroids were found to be radioactive if the enzymes 
were prepared from adrenal glands kept in the frozen state for several 
weeks before use. In the second case, the two substances were found to 
be radioactive provided A®-pregnene-38, 206-diol, or 
A®*-pregnene-38 ,20a-diol were added prior to the incubation along with 
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cholesterol-4-C%. As has been previously reported (1), it has not been 
possible to isolate significantly radioactive pregnenolone or progesterone 
even after the addition of these two compounds as carrier. Addition of 
as little as 0.1 mg. of these carriers has been found to inhibit the cleavage 
reaction. | 
Since it could be shown in the above two cases that pregnenolone or 
progesterone was in fact the steroid product of cholesterol cleavage reac- 


_ tion, an attempt was made to determine why it was not possible to recover 


3600r 
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a 2400+ 
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F E S B DOC Progesterone 


Rf (Propylene Glycol- Toluene) 

Fig. 1. Paper chromatogram of polar radioactive steroids recovered from ad- 
renal supernatant fluid after incubation with progesterone-4-C'*. F, 17-hydroxy- 
corticosterone; EK, 17-hydroxy-11-dehydrocorticosterone; S, 17-hydroxydeoxycorti- 
costerone; B, corticosterone; DOC, 11-deoxycorticosterone. 


these two compounds directly from incubations with extracts from fresh 
adrenal glands. An intensive investigation of the radioactive steroid 
products by paper chromatography disclosed a substantial amount of ra- 
dioactive compound which occurred midway between Compound E (17- 
hydroxy-11-dehydrocorticosterone) and Substance S (17-hydroxydeoxy- 
corticosterone) in the propylene glycol-toluene system (Fig. 1). Further 
investigation of this substance showed that on treatment with 1 per cent 
HCl it yielded free progesterone. ‘Treatment with alkali caused no ap- 
preciable change. ‘The other moiety of this combined form of progesterone 
has not been identified. ‘This complex is found in appreciable amounts 
(up to 75 per cent) if labeled progesterone is incubated with fresh adrenal 
preparations as deseribed. It has also been found that formation of this 
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compound is observed only when the incubation is carried out at alkaline 
pH. 

Fig. 2 indicates that isocaproic acid is the predominant acid produced 
from the cleavage of the cholesterol side chain, although a small amount 
of propionic acid is also usually found. This is to be expected, since 
propionic acid has been reported to be a metabolic product derived from 
isocaproic acid (14). The fact that this enzyme produces no radioactive 


carbon dioxide indicates that the terminal oxidative enzymes are not pres- 
1200r 


C.PM. 


Propionic Acid lsocaproic Acid 
Rf (Butanol- Ammonia) 
Fig. 2. Paper chromatogram of steam-volatile radioactive acids from adrenal 
supernatant fluid after incubation with cholesterol-26-C'4. 


ent in such extracts and probably explains why isocaproic acid accumv- 
lates. 

Isocaproic acid has also been isolated chromatographically from similar 
tissue preparations of ovary, testis, and liver, but the amounts obtained 
are too small for conclusive identification by the preparation of derivatives. 
The results do indicate that this type of side chain cleavage is a general 
phenomenon and is not concerned exclusively with adrenal metabolism. 

The addition of 22-ketocholesterol and 22-hydroxycholesterol to the 
incubation does not interfere with the cleavage enzymes, and the substances 
are not radioactive on isolation after incubation. These two compounds 
are, therefore, not intermediates. For this reason it does not appear that 
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the initial oxidative attack begins at carbon atom 22 in the side chain. 
This mechanism and possible intermediates are being studied further. 

The unexpected finding that progesterone may be ‘“‘complex-forming”’ 
to such a large extent in our incubation mixtures raises the possibility that 
this phenomenon may be a general one. Qualitative results suggest that 
other steroids, notably cholesterol, are combined with other substances in 
complex form. It is therefore important to consider the possible presence 
of such compounds in evaluating the presence or absence of specific com- 
pounds in preparations of the type reported here. 


SUMMARY 


An enzyme system, found predominantly in adrenal glands, capable of 
cleaving cholesterol to pregnenolone and isocaproic acid is described. 


BIBLIOGRAPHY 


1. Lynn, W.S., Jr., Staple, ., and Gurin, S., J. Am. Chem. Soc., 76, 4048 (1954). 

. Stone, D., and Hechter, O., Arch. Biochem. and Biophys., 54, 121 (1955). 

. Hechter, O., Zaffaroni, A., Jacobsen, R. P., Levy, H., Jeanloz, R. W., Schenker, 

V., and Pincus, G., Recent Progress Hormone Res., 6, 215 (1951). 

4. Dauben, W. G., and Bradlow, H. L., J. Am. Chem. Soc., 72, 4248 (1950). 

5. Turner, R. B., J. Am. Chem. Soc., 72, 579 (1950). Heard, R. D. H., and Ziegler, 
P., J. Am. Chem. Soc., 73, 4036 (1951). Dauben, W. G., and Eastham, J. F., 
J. Am. Chem. Soc., 73, 4463 (1951). 

6. Neher, R., and Wettstein, A., Helv. chim. acta, 35, 276 (1952). 

7. Zaffaroni, A., and Burton, R. B., J. Biol. Chem., 198, 749 (1951). 

8. Cole, W., and Julian, P. L., J. Am. Chem. Soc., 67, 1369 (1945). 

9. Stabursik, A., Acta chem. Scand., 7, 1220 (1953). 

10. Anfinsen, C. B., and Horning, M. G., J. Am. Chem. Soc., 75, 1511 (1953). 

ll. Jones, A. R., Dowling, E. J., and Skraba, W. J., Anal. Chem., 25, 394 (1953). 

12. Brown, F., Biochem. J., 47, 598 (1950). 

13. Nelson, D. H., and Samuels, L. T., J. Clin. Endocrinol. and Metabolism., 12, 519 
(1952). 

14. Atchley, W. A., J. Biol. Chem., 176, 123 (1948). 


bo 


line 
iced 
unt 
ince ‘ 
rom | 
tive | 


| 
ba 
fa: 
ry 
Wé 
va 
an 
ph 
ful 
crt 
ph 
ph 
sys 
pre 
I 
on 
cen 
0.0: 
diu 
20 | 
sedi 
fina 
cell 
tion: 
Hea! 
sine 
TPN 
dine 
phos 


PHOSPHORYLATION COUPLED TO OXIDATION IN 
BACTERIAL EXTRACTS* 


By ARNOLD F. BRODIE ann CLARKE T. GRAY 


(From the Leonard Wood Memorial Laboratory, Department of Bacteriology and 
Immunology, Harvard Medical School, Boston, Massachusetts) 


(Received for publication, August 1, 1955) 


Studies of the energy-yielding reactions accompanying oxidations by 
bacteria have lagged behind those of mammalian tissues because of the 
failure of cell-free bacterial preparations to couple oxidation to phospho- 
rylation. ‘The probable existence of such a coupling system in bacteria 
was predicted by Lipmann (1) in his discussion of the oxidation of pyru- 
vate by Lactobacillus delbrueckii. Further evidence was provided by Vogler 
and Umbreit (2), who demonstrated the generation of high energy phos- 
phate in whole cells of Thiobacillus thiooxidans during the oxidation of sul- 
fur. 

In previous short communications (3, 4), we reported the existence in 
crude extracts of Mycobacterium phlei of a system which coupled phos- 
phorylation to oxidation and yielded P:O ratios greater than 1. Phos- 
phorylation was uncoupled by 2,4-dinitrophenol! and gramicidin. This 
system has now been studied in greater detail and is the subject of the 
present report. 


Methods and Materials 


Preparation of Cell-Free Extracts—M. phlei, ATCC 354, cells were grown 
on liquid medium consisting of 1.3 per cent Bacto-Casamino acids, 0.1 per 
cent potassium fumarate, 0.2 per cent Tween 80, 0.1 per cent K-HPO,, 
0.03 per cent MgSO,-7H2O, and 0.002 per cent FeSO,-7H20. The me- 
dium was adjusted to pH 7.0 with KOH. The cells were grown at 37° for 
20 hours and washed four times in distilled water by centrifugation. The 
sediments were dispersed each time by means of a magnetic stirrer and 
finally resuspended in either distilled water or 1.2 m sucrose to give a final 
cell concentration of 450 mg. of wet packed cells per ml. The bacilli were 


* This investigation was supported by a research grant (No. E-827) from the Na- 
tional Microbiological Institute, National Institutes of Health, United States Public 
Health Service. 

1 The following abbreviations are used in the text: ATP, ADP, and AMP, adeno- 
sine triphosphate, adenosine diphosphate, and adenosine monophosphate; DPN and 
TPN, di- and triphosphopyridine nucleotides, and DPNH, reduced diphosphopyri- 
dine nucleotide; DNP, 2,4-dinitrophenol; TCA, trichloroacetic acid; P;, inorganic 
phosphate. 
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disrupted by sonic vibration of 10 to 12 ml. of suspension for 4 to 6 minutes 
ina 10 ke. Raytheon magneto-strictive oscillator at +-2°. The optimal 
concentration of cells, volume of suspension, and intensity of vibration 
must be determined for the individual oscillator.2, The sonic extracts 
were centrifuged in a Servall centrifuge at 20,000  g in the cold for 30 
minutes to remove whole cells and cellular débris. ‘The supernatant ma- 
terial was dialyzed rapidly at +2° with agitation for 1 hour in order to 
remove or lower the endogenous activity. ‘The pH was then adjusted 
with tris(hydroxymethyl)aminomethane buffer and enough K,HPO, to 
provide a pH of 7.2 to 7.4 and 10 to 15 uwmoles of phosphate for each re- 
action vessel. Fresh extracts were prepared daily. Protein content of 
these cell-free preparations was estimated turbidimetrically as described by 
Stadtman et al. (5). 

About twenty of the 153 extracts prepared to date failed to show good 
activity. The failures occurred early in the work and could be traced to 
improper sonic vibration or high endogenous activity. Under the electron 
microscope, crude preparations shadowed with tungsten contain particles 
which appear as minute homogeneous spheres, which are abundant in ac- 
tive extracts.’ 

Cofactors—Crystalline ATP, ADP, AMP, and yeast hexokinase were 
obtained from the Pabst Laboratories. The hexokinase was dialyzed 
against 1 per cent mannose with three changes of solution during rapid 
agitation for 4 hours at +2°. The dialyzed hexokinase was used for 
several days if refrigerated or was lyophilized and weighed out for daily 
use. Purified DPN, TPN, and cytochrome c were obtained from the 
Sigma Chemical Company. DPNH was prepared by reducing DPN 
with hydrosulfite (6). All the substrates were neutralized with KOH 
before use. 

Measurement of Oxidation—Respiration was measured by the conven- 
tional Warburg method at 30°. The test system consisted of bacterial 
extract containing 15 to 20 mg. of protein, 10 to 15 wmoles of inorganic 
phosphate, and 15 umoles of MgCl: The side arm contained 25 ymoles 
of KF and 20 to 50 umoles of substrate. The phosphate acceptor system 
usually consisted of 2.5 umoles of AMP, 20 umoles of mannose, and 1 mg. 
of hexokinase. Both ADP and ATP could substitute for AMP in the 
acceptor system, whereas uridine monophosphate did not function. The 
volume was adjusted to 1.3 ml. with distilled water. KOH was added to 


2 We are indebted to the Raytheon Manufacturing Company of Waltham, Massa- 
chusetts, for the installation of a power stabilizer and special circuit which permits 
accurate tuning. These modifications of the standard apparatus insure reproduci- 
bility. 

3 We wish to thank Dr. J. Albright of the Harvard Dental School for preparing 
and photographing extracts with the electron microscope. 
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the center well to absorb carbon dioxide. The flasks were equilibrated 
for 10 minutes and the oxygen uptake measured for 10 minutes after the 
addition of fluoride and substrate to the main compartment. The oxida- 
tion was stopped by the addition of 10 per cent TCA. The control sys- 
tems were prepared as follows: no substrate, with and without acceptor; 
with substrate but without acceptor; and a complete system containing 
DNP (8 X 10°). A complete system stopped at zero time with TCA, 
and other zero time controls as seemed necessary in a given experiment 
provided the base-lines for phosphate values. 

Anaerobic experiments were carried out in conventional Thunberg tubes, 
evacuated, and flushed with nitrogen. These tubes were incubated at 30° 
for 10 minutes before substrate and KF were added from the side arm. 
The reaction was stopped after 10 minutes by the addition of TCA. 

Phosphate Determination—The chilled TCA-treated reaction mixtures 
were centrifuged, and aliquots of the supernatant fluids were analyzed for 
inorganic phosphate by the method of Fiske and Subbarow (7). Phos- 
phate labile to acid hydrolysis for 7 minutes was also determined by add- 
ing activated Norit to aliquots of the supernatant fluids. These were 
mixed well, and then centrifuged and washed four times with distilled 
water. The adenosine polyphosphates adsorbed on the Norit were hy- 
drolyzed in N HCl for 7 minutes at 100° and the hydrolyzable inorganic 
phosphate determined as Py. 

Determination of Adenosine Polyphosphates—Detection of ATP or ADP 
formed from AMP was accomplished by paper electrophoresis. Aliquots 
from reactions stopped by TCA were neutralized with KOH and placed 
on filter paper strips (Whatman No. 3). These were immersed in 0.04 m 
citrate (pH 3.8) and blotted. The centers of the strips were submerged in 
CCl, and the ends in the buffer. A current of 1500 volts and 10 to 20 
ma, was applied for 1 hour. The papers were dried and the R, of ultra- 
violet-adsorbing material was compared with that of known pure ma- 
terials. 


Results 


When cell-free extracts were shaken in air with an electron donor such 
as succinate, there was a marked disappearance of orthophosphate (Table 
I). With succinate, P:O ratios as high as 1.8 were obtained which were 
completely uncoupled by DNP. Since only 43 per cent of the ATPase 
activity in the extracts could be inhibited by fluoride, the values reported 
for phosphate disappearance are probably minimal. Other substrates also 
gave P:O ratios greater than 1.0 (Table II). Under anaerobic conditions, 
with malate or fumarate as substrate, the M. phlei extracts could not 
esterify inorganic phosphate. Both glucose and mannose showed insigni- 
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ficant oxidation and no phosphorylation, whereas lactate was rapidly 
oxidized without phosphorylation. With all substrates investigated, DNP 
(8 & 10~°m) lowered the P:O ratio. ‘This is the classical effect of DNP on 
mammalian tissue homogenates and mitochondrial systems. 

Although DPNIEL was oxidized completely by the test system, there was 
a direct transfer of electrons to oxygen by flavoproteins rendered soluble 
without phosphorylation. Furthermore, the addition of DPN or TPN in 
the presence of malate, B-hydroxybutyrate, and a-ketoglutarate failed to 
increase phosphorylation in proportion to oxidation.‘ The highest P:O 
ratios were observed when these systems operated by way of their bound 


TABLE I 
Study of Oxidative Phosphorylation in Crude Bacterial Extracts 
System Oxygen APj P:O 
microatoms pmoles 

Complete 3.4 4.2 1.24 
Acceptor omitted. 3.26 1.9 0.59 

0.55 0 0 

” + acceptor system omitted....... 0.4 0 0 
Complete system + DNP.................. 3.2 0.2 0.06 


The Warburg vessels contained final concentrations of 15 wmoles of MgCls, 25 
pumoles of KF, 19.5 mg. of crude sonic extract, pH 7.2, containing 15 umoles of Pi, 
and HO to a final volume of 1.3 ml. The following additions were added as indi- 
cated: 50 umoles of succinate, 5 X 10-5 m DNP, and 5 X 10°*m KCN. The acceptor 
system consisted of 1 mg. of yeast hexokinase, 5.0 uymoles of AMP, and 20 umoles of 
glucose. Reactions were carried out at 30° for 10 minutes after the addition of sub- 
strate. 


coenzymes. In the crude bacterial preparations, substrates requiring 
pyridine nucleotides gave lower P:O values than comparable mammalian 
systems because of the presence of carrier systems rendered soluble, which 
transfer electrons directly to oxygen. Substrates such as succinate, which 
do not require DPN or TPN, gave P:O values as high as any reported for 
mammalian preparations. 

Since this system incorporated phosphate with AMP as the sole phos- 
phate acceptor, attempts were made to demonstrate the formation of 
ATP. With this acceptor and succinate or 8-hydroxybutyrate as sub- 
strates, the chromatographic studies revealed an accumulation of ultra- 
violet-adsorbing material with the same Rr as ATP. When the acceptor 


4The experimental results are in agreement with the findings of Lehninger (8) 
that bound pyridine nucleotides couple phosphorylation to oxidation far more ef- 
fectively than added pyridine nucleotides. 
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system contained AMP, hexokinase, and glucose, material corresponding 
to ADP was formed. Control systems did not contain or produce detect- 
able ATP or ADP. 

The supernatant fluids from the test system Avere also treated with Norit 
to adsorb any ATP or ADP formed, and the P; from the washed Norit 
assayed after hydrolysis. With AMP as the sole acceptor system, ATP 
was formed and detected in the P; analysis except in the presence of DNP 


Il 
P:O Ratios with Various Substrates 
Substrate Oxygen AP; P:O 

microaloms pmoles 
3.1 5.5 1.78 0.05 
§-Hydroxybutyrate............ .0 4.9 1.2 0.53 
a-Ketoglutarate............... 2.9 6.9 2.4 0.45 
3.8 6.5 1.7 
4.0 7.2 1.8 0.2 

Anaerobic 


The conditions are similar to those in Table I. The final concentration of sub- 
strates was as follows: 50 uwmoles of succinate, 6-hydroxybutyrate, and malate; 40 
pmoles of pyruvate; 20 umoles of a-ketoglutarate, glutamate, and fumarate; and 5.0 
umoles of DPNH. The acceptor system consisted of 2.5 zmoles of AMP, 20 umoles 
of mannose, and 1 mg. of yeast hexokinase. These results were obtained with a 
number of extracts. 


(Table III). In the presence of the hexokinase acceptor system, the 
amount of phosphate in the P; fraction was reduced by 70 per cent. This 
lower P; value can be explained by the formation of glucose-6-phosphate, 
which was demonstrated by means of Zwischenferment. In experiments 
with labeled inorganic phosphate and AMP as phosphate acceptor, P® 
was found in the P; fraction. DNP reduced the incorporation of P® by 
90 per cent. 

Effect of Uncoupling Agents—Further evidence that the phosphorylation 
occurred above the substrate level was obtained by investigating the effect 
of uncoupling agents in the presence of succinate as substrate (Table IV). 
Since the results were obtained with different extracts in a number of ex- 
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periments, the values given for oxygen uptake and phosphate disappear- 
ance were adjusted to a standard protein concentration. The P:O range 
in the absence of uncoupling agents from these experiments is indicated 


TABLE III 
Formation of Adenosine Polyphosphates 


System Oxygen A Pi P; P:0 
0.15 0 0.16 0) 
Succinate + AMP..................... 3.3 2.4 1.4 0.73 

yeast hexokinase + glucose.......... 2.7 3.3 0.41 1,22 
Succinate + AMP 4 
yeast hexokinase + glucose + DNP.. | 3.2 0.4 0.16 0.012 


The system consisted of 18.5 mg. of crude sonic extract, pl 7.2, 8.6 wmoles of in- 
organic phosphate, 15 wmoles of MgCl, 25 wmoles of KF, 50 pmoles of potassium 
succinate, 2.5 umoles of AMP, 1 mg. of yeast hexokinase, 20 upmoles of glucose, 5 X 
10-§ m DNP, and distilled water to a final volume of 1.3 ml. The reaction was 
carried out at 30° for 10 minutes. 


TaBLe LV 
Effect of Chemical Uncoupling Agents 
Additions Concentration Oxygen A Pi P:O 
M microatoms pmoles 

2,4-Dinitrophenol.................... 8 X 107-5 3.8 0.21 0.05 
2-Amino-4-nitrophenol............... 8 X 10-4 3.5 2.68 0.78 
2,4-Diaminophenol.................. 8 X 10-4 5.8 6.95 1.2 
8 X 1075 5.0 6.0 1.2 
1 X 10-4 3.1 1.9 0.61 
1 xX 10° 2.3 0.6 0.26 

Methylene blue...................... 8 X 10-5 5.6 3.7 0.66 


The conditions are similar to Table I. The acceptor system consisted of 2.5 
pmoles of AMP, 20 umoles of mannose, and 1 mg. of yeast hexokinase. The protein 
concentrations were adjusted to 16 mg. for each experiment. 


in the first line. Uncoupling activity was demonstrated with 2 ,4-dini- 
trophenol, methylene blue, arsenate, and, in higher concentrations, by 
azide and 2-amino-4-nitrophenol. These uncoupling agents generally 
neither stimulated nor inhibited the oxidation rates with succinate as 
electron donor. KCN and arsenite inhibited both oxidation and phos- 
phate esterification. 
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Among the biological uncoupling agents tested, pi-thyroxine, triiodo- 
t-thyronine, and gramicidin prevented phosphorylation in concentrations 
which did not limit oxidations (Table V). A physical basis for the action 
of gramicidin is suggested by the uncoupling of aqueous and not of sucrose 
extracts. Streptomycin, isoniazid, cycloserine, and pyrazinamide, agents 
which inhibit growth of mycobacteria, show no uncoupling activity. 

Optimal Physical and Chemical Conditions—The effects of time of sonic 
vibration and dialysis and of sucrose concentration, freezing, and storage 
were investigated. It was found that active extracts could be obtained by 
sonic vibration for 4 to 5 minutes, whereas further treatment causes only 
slight increase in protein concentration and a progressive decrease in P:O 
ratios. ‘The extracts from whole cells vibrated for 30 to 40 minutes, or 


Tanie V 
Kffect of Biological Uncoupling Agents 
Addition Final Ox AP P:O 
concentration yeen i 

None 3.7 5.5 1.48 
8 xX 10-5 3.6 1.2 0.33 
Triiodo-L-thyronine................. 8 xX 10-5 4.2 1.46 0.35 
a 8 X 104 5.7 7.9 1.38 
Chloramphenicol..................... 8 X 10-4 5.4 5.9 1.1 


Same conditions as Table IV. 


active extracts treated again for 10 minutes, were unable to esterify inor- 
ganic phosphate. The use of sucrose during the disruption of whole cells 
or as a diluent afterwards does not appear to be essential. Equally active 
extracts were prepared in distilled water. Frozen extracts stored for 24 
hours showed a lowering of the P:O ratio (50 to 75 per cent). 

Both the rate of oxidation and the phosphate esterification were found 
to be pH-dependent. At pH 8.0, ATPase activity appeared to be greatly 
increased, lowering the P:O ratios. A low pH value was likewise unfavor- 
able because the endogenous activity was markedly increased and the 
substrate oxidation lowered. The most satisfactory results were obtained 
within the pH range of 7.2 to 7.5. 

Extracts dialyzed at +2° for 24 to 48 hours oxidize substrate at lowered 
rates but do not esterify phosphate. The addition of boiled juice obtained 
from yeast or bacteria or of cytochrome c restores the oxidations to almost 
the original levels, but not the phosphorylation. 

The effect of time and of orthophosphate concentration is illustrated in 
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Fig. 1. The amount of phosphate taken up increases in a linear fashion 
with time. However, it is best to terminate the experiment during the 
first 10 minutes, as the P:O ratios are greater. 


EFFECT OF TIME EFFECT OF Pog CONC. 
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Fia. 1. The effect of time and phosphate concentration. Same conditions as 
Table I; (a), effect of time; @, A micromoles of phosphate; O, P:O ratio obtained 
at various times. Reaction incubated at 30° and stopped at the times indicated; 
(b), effect of phosphate on oxidation; @, microatoms of O, observed per 10 mg. of 
protein per 10 minutes; O, 4 micromoles of inorganic phosphate; shaded area, P:0 
ratio greater than 1. 


This is in agreement 


TABLE VI 
Oxidative Phosphorylation in C. creatinovorans 
Succinate 
Species 
Oxygen Pi P:O DNP P:0 
microatoms pmoles 
3.6 6.2 1.72 0.2 
C. creatinovorans......... 3.9 5.2 1.33 0.8 


The conditions are similar to those in Table I. The acceptor system consisted of 
2.5 umoles of AMP, 20 umoles of mannose, and 1 mg. of yeast hexokinase. The pro- 
tein concentration was adjusted to 16 mg. per vessel. 


with the findings of Lehninger and Smith (9), who demonstrated that the 
P:O ratio was greater during the initial periods with the oxidation of 6- 
hydroxybutyric acid by rat liver mitochondrial preparations. The effect 


of phosphate concentration on oxidation was found to be similar to that 
of the mammalian system in which there is but slight stimulation of ox- 
idation. Sufficient phosphate must be present to obtain P:O ratios greater 
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than 1, the amount being dependent on the rate of oxidation of the in- 
dividual extracts. 

Some other microorganisms were investigated under the optimal condi- 
tions found above. Evidence was obtained that a similar system could be 
demonstrated in Corynebacterium creatinovorans, which will couple phos- 
phorylation to oxidation (Table VI); however, this could not be dem- 
onstrated in a number of other microorganisms. Although DNP can 
uncouple the system from C. creatinovorans, the inhibition of phosphate 
esterification is not as effective as that found with the M. phlei extracts. 


DISCUSSION 


The oxidative formation of energy-rich phosphate bonds above the 
substrate level has been demonstrated in extracts of two microorganisms, 
M. phlei and C. creatinovorans. The data indicate that the coupled oxida- 
tive phosphorylation observed with the bacterial system is essentially 
similar to that observed by numerous investigators in mammalian tissue 
and, moreover, that the utilization of inorganic phosphate probably in- 
volves the same type of mechanism in both systems. Since the values 
found for succinate approach the theoretical values found in the mam- 
malian system, the lower P:O ratios observed in the cell-free bacterial ex- 
tracts with malate, 8-hydroxybutyrate, a-ketoglutarate, pyruvate, and 
fumarate appear to be due to carrier systems rendered soluble, and in- 
capable of coupled phosphorylation, rather than to a lower turnover of 
phosphate for bacterial homogenates. 

The uncoupling of oxidation from phosphorylation has been used in 
whole cells and isolated tissue components as a criterion of the generation 
of phosphate bond energy above the substrate level. Chemical agents 
such as DNP, azide, and arsenate (10-12) and biological agents such as 
gramicidin, thyroxine, and triiodothyronine (13-15) have been character- 
ized as uncoupling agents by numerous investigators. Recently thyroxine 
has been shown to stimulate the oxidation of cholesterol by whole cells of 
Aerobacter aerogenes (16). It is of interest to note that chemotherapeutic 
agents such as streptomycin, isoniazid, cyloserine, and pyrazinamide, 
known to be effective in mycobacterial disease, have shown no effect on the 
P:O ratio with succinate as electron donor. 

Although Hersey and Ajl (17) and Pinchot (18) have’ reported that cell- 
free extracts from Escherichia coli and Alcaligenes faecalis can couple oxi- 
dation to phosphorylation, these systems are not comparable to the myco- 
bacterial and mammalian systems. The values reported for phosphate 
esterification were lower than one would expect for substrate phosphoryla- 
tion and were obtained with only one substrate. Furthermore, unlike the 
classical coupled systems which are inhibited by uncoupling agents, DNP 
had no effect. 
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The similarity between the bacterial system described and mammalian 
tissue again demonstrates the essential unity between widely separated 
biological forms. Such studies with bacteria provide an additional] tool 
for the analysis of the mechanism of oxidative phosphorylation. 


We wish to thank Dr. J. H. Hanks for his advice, and Miss Mildred 
Lange and Mr. Robert Thomas for their technical assistance. 


SUMMARY 
1. A system has been found in extracts of Mycobacterium phlei and 


Corynebacterium creatinovorans which will esterify phosphate under aerobic 


conditions above the substrate level. 

2. Methods for preparing such extracts and the conditions necessary for 
optimal activity are described. 

3. P:O ratios greater than 1 were obtained with succinate, 8-hydroxy- 
butyrate, pyruvate, malate, fumarate, and a-ketoglutarate. 

4. Adenosine triphosphate formation was demonstrated with adenosine 
monophosphate as the sole phosphate acceptor system. 

5. Uncoupling agents such as 2,4-dinitrophenol, gramicidin, p1-thy- 
roxine, triiodo-L-thyronine, arsenate, azide, and 2-amino-4-nitrophenol 
inhibit phosphate esterification without inhibiting oxygen consumption. 

6. The significance of this system and its relationship to the mammalian 
type system are discussed. 
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THE ROLE OF POLYGLUTAMYL PTERIDINE COENZYMES 
IN SERINE METABOLISM 


I. COFACTOR REQUIREMENTS IN THE CONVERSION OF 
SERINE TO GLYCINE 


By BARBARA E. WRIGHT anp THRESSA C. STADTMAN 


(From the Laboratory of Cellular Physiology, National Heart Institute, National 
Institutes of Health, Department of Health, Education, and Welfare, 
Bethesda, Maryland) 


(Received for publication, July 12, 1955) 


It has been previously reported that serine is converted to alanine in 
Clostridium HF, and that formate is important in the metabolism of this 
organism (1). When grown in the presence of formate-C™, the major non- 
volatile C'*-containing component in the culture medium is alanine.' Val- 
ine is also similarly labeled, whereas aspartic and glutamic acids are not. 
It was therefore of interest to observe that, when formate-C™ and serine 
were incubated with dried cells of Clostridium HF, C™ was present in equal 
amounts in the carboxyl and #-carbons of the alanine formed. A possible 
mechanism for the incorporation of C™ into the B position could involve an 
initial fixation of formate-C™ into serine which would thereafter be con- 
verted to hlanine. In view of the activity of Clostridium HF with respect 
to these reactions, the organism appeared to be good experimental material 
for investigations of serine metabolism. 

This paper deals with the formation of glycine from serine, as catalyzed 
by cell-free extracts of Clostridium HF. Preliminary reports of the work 
to be presented have been given elsewhere (2-4). It will be shown that 
the conversion of serine to glycine is dependent upon DPN,? Mn**, pyri- 
doxal phosphate, orthophosphate, and factors present in boiled extracts of 
Clostridium cylindrosporum (5). The latter cofactors have been charac- 
terized as a family of polyglutamyl pteridines (6). The nature and func- 
tion of these folic acid derivatives will be the subject of subsequent publica- 
tions. 


Materials and Methods 


Materials—Clostridium HF was used as the source of the enzyme. For 
preparations of extracts, 20 liter cultures were grown anaerobically in a 


1 According to further degradation of the alanine, most of this label was in the 
B- and the carboxyl carbons. 

2 The following abbreviations are used: trichloroacetic acid, TCA; diphosphopy- 
ridine nucleotide, DPN; reduced diphosphopyridine nucleotide, DPNH; unidentified 
cofactor obtained from Clostridium cylindrosporum boiled extracts, Co C. 
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medium containing 2.25 per cent Difco tryptone, 0.5 per cent Difco yeast 
extract, 0.15 per cent sodium formate, 0.174 per cent K2HPQO,, and 0.03 
per cent Na2S-9H,O (added after sterilization) in tap water. When the 
cultures had attained maximal turbidity (30 to 40 hours at 37°), the 
cells were collected by centrifugation in a Sharples supercentrifuge, 
washed two or three times in cold 0.5 per cent NaCl + 0.5 per cent KCl, 
and dried in vacuo over CaCle. The yield was about 350 to 500 mg. of 
dried cells per liter of culture medium. 

The dried cells were ground with Alumina A-301 (Aluminum Corpora- 
tion of America), according to the method of McIlwain (7), and extracted 
with 0.01 mM potassium phosphate buffer, pH 7.4. The clear extracts ob- 
tained after centrifugation at 15,000 X g are stable when stored at —20°. 
Dowex-treated enzyme (8) was prepared by a 10 minutes exposure of the 
extract to 0.1 volume of wet Dowex 1 Cl-, with subsequent centrifugation 
and filtration to free the extract from the resin. 

The pt-serine-3-C" was a gift from Professor H. Tarver, University of 
California, Berkeley; pyridoxal phosphate was synthesized by Dr. E. A. 
Peterson and Dr. H. A. Sober (9). 

Methods—Protein was determined by a turbidimetric method with sulfo- 
salicylic acid, standardized against crystalline bovine serum albumin (10). 

Glycine was determined by the method of Alexander ef al. (11) in which 
formaldehyde is produced and assayed colorimetrically. The experi- 
mental samples to be analyzed were deproteinized with TCA and added 
directly into a 25 ml. round bottomed flask containing the phosphate 
buffer-ninhydrin mixture (3.0 ml.) to which was added enough NaOH to 
neutralize the TCA present in each sample. Each flask was then attached 
to a small condenser, six of which were arranged in series on a Kjeldahl 
heating unit. About one-half of the liquid was distilled over into an ice- 
chilled receiver containing 1 ml. of water. 2 ml. of water were then added 
slowly through an inlet above the flask without interrupting the distilla- 
tion. 2 ml. of the 5 ml. distillate were used to determine the formalde- 
hyde colorimetrically in the presence of chromotropic acid and concen- 
trated H 

Formaldehyde was determined by the procedure described above for 
glycine, except that ninhydrin was omitted from the mixture to be distilled. 

Methanol-C™ was determined by a modification of the method of Wid- 
mark (12). Part of a reaction mixture was adjusted to pH 9.0 and dis- 
tilled. The distillate containing methanol was mixed in a closed vessel 
with an equal volume of 3.0 N potassium dichromate in 50 per cent HSO, 
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and heated at 55° overnight. COz2 formed was trapped as BaCO; in a 
center well containing alkali. 
Formic acid was determined by Friedemann’s method (13). 


EXPERIMENTAL 


After extensive dialysis of cell-free extracts of Clostridium HF, it can be 
shown that the net production of glycine from serine is stimulated by 
DPN, Mn*, and pyridoxal phosphate (Table I). Blakley has also shown 
a pyridoxal phosphate requirement for the interconversion of serine and 


TABLE I 
Cofactor Requirements for Conversion of Serine to Glycine 


Glycine 
Sample No. Omitted 
Experiment Ia Experiment Ib 
pmole pmole 
1 0.314 0.420 
2 DPN 0.078 0.166 
3 Mntt 0.108 0.202 
4 Pyridoxal phosphate 0.134 0.276 


The assay mixture contains the following substances in a total volume of 0.6 ml.: 
20.0 umoles,of pL-serine, 0.02 umole of DPN, 2.0 umoles of MnSQ,, 0.02 umole of 
pyridoxal phosphate, and 0.04 ml. of m potassium phosphate buffer, pH 6.5. Experi- 
ment Ia had 2.8 mg. and Experiment Ib 3.5 mg. of enzyme protein which had been 
dialyzed 43 hours against 0.01 m phosphate buffer, pH 7.2. The samples were incu- 
bated anaerobically 2 hours at 38°. The control value in the absence of serine 
(=0.04 umole) is subtracted from each experimental value given. 


glycine (14). Experimental samples were incubated in stoppered, small 
diameter test-tubes (10 mm.) under an atmosphere of hydrogen or helium, 
since aerobic conditions completely inhibit glycine formation. This is 
presumably partially due to the presence of a powerful DPNH oxidase in 
these extracts. 

It was found that the activity of the system is completely dependent 
upon orthophosphate (‘Table II). The phosphate requirement can usually 
bereplaced by arsenate, but forsome enzyme preparations this substitution 
was not possible. Tig. 1 demonstrates the level of phosphate required un- 
der experimental conditions similar to those detailed in Table II. Sue- 
cinate buffer was present in all samples at a concentration of 3 & 10-7? Mm. 

The pH optimum for the conversion of serine to glycine was found to be 
6.5. Glycine production is directly proportional to enzyme and serine 
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concentration over a fairly wide range (Fig. 2, A and B). It will be 
shown below that, as might be expected in a crude enzyme system, serine 


TABLE II 
Phosphate and Arsenate Effect 
Sample No. Buffer Glycine 
pmole 

1 Phosphate 0.394 

2 ” + succinate 0.398 

3 Succinate 0.0 

4 Arsenate + succinate 0.248 

5 ses + phosphate 0.316 


The assay mixture contains the following in a final volume of 0.5 ml.: 10.0 umoles 
of pL-serine, 0.02 umole of DPN, 1.0 umole of MnSQ,, 0.02 umole of pyridoxal phos- 
phate, and an appropriate buffer at pH 6.5. Each sample contained 1.8 mg. of en- 
zyme which had been dialyzed 16 hours against 0.01 m tris(hydroxymethy])amino- 
methane buffer, pH 7.4. Potassium salts of phosphate, succinate, and arsenate 
were all used at a concentration of 3 X 10-2 m. Samples were incubated anaerobi- 
cally 2 hours at 38°. 


ORTHOPHOSPHATE REQUIREMENT 
T 


GLYCINE 


! 4 | 
O 4 8 12 £0 


PHOSPHATE CONCENTRATION 


Fic. 1. The dependence of glycine formation on orthophosphate under experi- 
mental conditions similar to those detailed in Table IT. 


is converted to compounds other than glycine such as alanine, pyruvate, 
and acetate. The extent of these “side reactions’ varies from one enzyme 
preparation to another, making it necessary to determine an optimal 
serine concentration for each enzyme preparation. 

The influence of serine concentration on glycine formation was deter- 
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mined, as a function of time, in the presence of excess serine (11 um) and 
of limiting serine (4 um). No serine remained in the mixture after 2 
hours incubation with limiting serine, as could be shown by paper chro- 
matography.* ‘The results are evident in Fig.3. It can be seen that, when 
serine is limiting, the glycine level remains almost constant over a period 
of about 1 hour and then slowly decreases. It can therefore be concluded 
that glycine produced under these experimental conditions is not readily 
utilized in subsequent reactions. Experiments were routinely carried out 
in the presence of a slight excess of serine (upper curve, Fig. 3) and ter- 
minated after an incubation period of 2 hours at 38°.4 


GLYCINE FORMATION AS A FUNCTION OF: 


A.ENZYME B. SERINE 
05 CONCENTRATION | CONCENTRATION _ 
0.4 


[LM GLYCINE 


0.7 2.2 3.6 0.0 40 8.0 
MG. PROTEIN /O.6 ML. {LM SERINE 
REACTION MIXTURE 
Fic. 2. The formation of glycine as a function of the concentration of enzyme and 
serine. The samples were incubated under the conditions described in Table I. 


Table III demonstrates that, when the enzyme is treated with Dowex 
1 CF and subsequently dialyzed, another cofactor in addition to those de- 


3 A solvent system developed by Dr. Seymour Korkes for the separation of serine, 
glycine, and alanine was used. It consists of acetone (80 parts) and triethylamine 
(5 parts), diluted to 100 with water. 

‘Since the chemical determination of glycine is interfered with in the presence of 
high levels of serine, it is necessary, for each enzyme preparation, to determine the 
minimal level of serine required for a linear reaction rate over the incubation period 
used. Control experiments were carried out for samples which might contain in- 
hibitory levels of serine. Such samples were prepared in duplicate, and a deter- 
mined quantity of glycine was added to one sample after incubation and prior to the 
glycine determination. Thus the per cent inhibition of color yield was determined 
and the value for the experimental sample corrected accordingly. The only values 
reported in this paper for which such a control experiment was necessary were the 
first ones of each curve in Fig. 3. These values were found to have been suppressed 
about 15 per cent. 
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scribed above is required (3). This cofactor (Co C) is present in boiled 
extracts of C. cylindrosporum and has been shown to be a folic acid deriva- 
tive not identical to previously described pteridines (3, 6). The réle of 
Co C in serine metabolism, its purification, and chemical nature will be the 
subject of future publications. 


RATE OF GLYCINE FORMATION 


- 
EXCESS SERINE 

LIMITING SERINE 
0.1 we 
Oo 
= 


1.O 2.0 3.0 
TIME IN HOURS 


Kia. 3. The rate of glycine formation in the presence of limiting serine and excess 
serine. Ixperimental conditions are similar to those described in Table I. 


TABLE III 
Cofactor Requirements of Dowex-Treated Enzyme 
Sample No. Boiled extract Glycine 
pmole 
1 Present 0.750 
2 Absent 0.060 


The assay mixture contained the components of Sample 1 in Table I, except that 
Dowex-treated enzyme was used and that boiled extract of C. cylindrosporum was 
present in Sample 1. 


Fate of Serine-3-C'*—Although the enzyme system has not yet been puri- 
fied and many compounds other than glycine are formed from serine, pre- 
liminary experiments were carried out to determine the fate of the 1-carbon 
fragment necessarily arising in the course of glycine production from serine. 
Serine-3-C™ was incubated with Dowex-treated enzyme for 2 hours at 38° 
in the presence of phosphate buffer, pH 6.5, enzyme, DPN, Mnt-, pyr- 
doxal phosphate, and Co C. Alkali was placed in a center well. After 
incubation, an aliquot was analyzed for glycine content, and the remainder 
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was examined to determine the extent of labeling in CO2., HCHO, CH;0H, 
and HCOOH. The results indicated that no CO, or formaldehyde was 
produced. 9 per cent of the B-carbon of serine could be accounted for as 
methanol and 50 per cent as formate (Table IV). The labeling in the 
acetate-C“ was determined according to the Schmidt reaction (15), and 
the other labeled compounds in Table IV were identified by paper chroma- 


tography. 


TABLE IV 
Fate of B-Carbon of Serine in Dowex-Treated Dialyzed Enzyme System 
i- Specifi 
‘ment | activity, | Glycine C4HOH HCOOH C4H.OH | HC“OOH 
No. serine-3-Cl4 
umole c.p.m. uM c.p.m. uM uM glycine glycine 
1 36 , 700 0.62 2138 0.058 0.094 
2 36 , 700 0.91 15,400 0.42 0.46 


No C™ was found in CO, or HCHO. Other labeled compounds formed from ser- 
ine-3-C!4 were C4H;COOH, alanine-C™, pyruvate-C', glycolate?-C™, succinate?- 
cH, 


DISCUSSION 


In the formation of glycine from serine-8-C"™ about 50 per cent of the 
l-carbon fragment can be accounted for as formate. Although the forma- 
tion of serine from glycine and formate has not been studied, there is ample 
evidence in other systems (e.g. (16)) that formate can serve as a precursor 
to the B-carbon of serine. The observed formation of alanine-6-C™ from 
formate-C'™ discussed in the introduction could be accounted for through 
the initial formation of serine, which is thereafter further reduced to 
alanine, or through the formation of an “active” 1-carbon intermediate 
which, either before or after combination with glycine. serves as a com- 
mon precursor for alanine and serine. 

It has been stated that reduced products, methanol and alanine, also 
arise from serine-6-C'. Such results indicate that future studies with 
more purified enzyme systems may uncover balanced dismutation reac- 
tions.5 

5 In recent collaborative experiments carried out by one of the authors (T. C. 8S.) 
with Dr. J. Szulmajster, it has been found that an Escherichia coli enzyme fraction, 
capable of synthesizing methionine from serine and homocysteine in the presence of 
appropriate cofactors (17), also forms labeled formate from serine-3-C!*. This oxi- 
dation of the serine 1-carbon fragment to formate occurs concomitantly with its re- 


duction to a methyl group; 7.e., during methionine synthesis when homocysteine is 
present. The close parallelism observed between the amounts of formate-C™ and 
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The Mn* requirement is interesting to consider in relation to Kisliuk 
and Sakami’s observation that it is needed for formate but not for form. 
aldehyde incorporation into serine (16). Although pyridoxal phosphate 
has long been implicated in the interconversion of serine and glycine (18), 
the bacterial system described here and the animal system investigated by 
Blakley (14) are the first in which direct evidence for this cofactor require- 
ment has been obtained. By analogy with the chemical model system of 
Metzler, Longenecker, and Snell (19), wherein pyridoxal and a metal cata- 
lyze the cleavage of serine to glycine and formaldehyde, it is possible that 
a formaldehyde derivative may be formed initially in the bacterial system 
described here. This “active” 1-carbon compound is probably associated 
with a folic acid derivative (6), and could be either oxidized to formate or 
reduced to methanol, for example. , 

Although this paper deals primarily with the formation of glycine as an 
index of serine metabolism, it has been observed that alanine and at least 
two other compounds which react with ninhydrin are always detected with 
glycine on paper chromatograms. The nature of the interdependence of 
these amino acids in relationship to each other and to the cofactor require- 
ments, particularly the dependence of glycine formation on orthophos- 
phate, awaits clarification. 


SUMMARY 


In cell-free extracts of Clostridium HF, serine-6-C™ is converted to 
glycine and formate-C™. Glycine formation is proportional to the con- 
centration of serine and of enzyme. This reaction is also dependent upon 
Mn*+, DPN, pyridoxal phosphate, orthophosphate, and a factor obtained 
from boiled extracts of Clostridium cylindrosporum. 


The authors wish to express their thanks to Miss Amelia Cherkes for 
her assistance in some phases of this work. 
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THE ROLE OF POLYGLUTAMYL PTERIDINE COENZYMES 
IN SERINE METABOLISM 


Il. A COMPARISON OF VARIOUS PTERIDINE DERIVATIVES 


By BARBARA E. WRIGHT 


(From the Laboratory of Cellular Physiology and Metabolism, National Heart Institute, 
National Institutes of Health, Department of Health, Education, and Welfare, 
Bethesda, Maryland) 


(Received for publication, September 26, 1955) 


Previous reports have described an enzyme system prepared from Clos- 
tridium HF that catalyzes the conversion of serine to glycine (1-3). After 
Dowex treatment of the cell-free extracts, this reaction is completely de- 
pendent upon diphosphopyridine nucleotide (DPN), Mn*, pyridoxal phos- 
phate, orthophosphate, and factors present in boiled extracts of Clostridium 
cylindrosporum (1, 2). Experiments with various known pteridines indi- 
cated that a cofactor (presumably a pteridine) present in boiled extracts 
of C. cylindrosporum differed from these (1). Small amounts of this factor 
(Co C) were purified by repeated paper chromatography; on the basis of 
ultraviolet absorption, these were more active than citrovorum factor 
(CF) or tetrahydrofolic acid (FAH,) (1). Purification on a larger scale! 
revealed five chromatographically distinct and apparently homogeneous 
fractions, Co C types I to V (4). A sixth factor has since been isolated 
(CoC type VI). The ultraviolet characteristics and microbiological anal- 
ysis? of these fractions showed them to be pteridine derivatives. Quantita- 
tive amino acid determinations revealed that all of these Co C types were 
polyglutamates, and that some apparently contained significant amounts 
of other amino acids involved in serine metabolism, and pentose and phos- 
phate in concentrations which suggest that these components might well be 
part of the pteridine-containing molecule. Several independent considera- 
tions make it quite certain that the catalytic activity of these Co C pteri- 
dines is due to the fact that they are polyglutamates rather than mono- 
glutamates: (a) Quantitative amino acid analyses reveal either a di- or a 
hexaglutamy] derivative, a finding which complements evidence in the 
literature relating to the structure of the “bound forms” of pteridines 
occurring in natural materials (5-10). (b) Microbial analysis of the Co C 
derivatives indicate that they are uncontaminated with monoglutamyl 
pteridines.2. (c) Comparative studies with a previously described polyglu- 

1 Wright, B. E., and Stadtman, E. R., unpublished data. 

Silverman, M., and Wright, B. E., unpublished data. 
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tamate (teropterin) and with monoglutamates also supply evidence for the 
polyglutamyl! nature of the Co C derivatives. 


Materials and Methods 


Materials—The conditions for growing Clostridium HF as well as the 
methods for preparing cell-free extracts and Dowex 1|-treated enzyme have 


been described (3). 
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260 300 340 #380 
A, Mp 
Fig. 1. Ultraviolet absorption spectra for citrovorum factor and Co C type I at 
alkaline and acid pH. 


Co C is obtained from boiled extracts of C. cylindrosporum. Its purifi- 
cation on a large scale will be described at some future time.! 

Teropterin (diglutamy] folic acid), N-10-formy] folic acid, and anhydro- 
leucovorin were generously supplied by Dr. H. P. Broquist of the Lederle 
Laboratories. Pteroylhexaglutamyl glutamic acid polymethyl] ester iso- 
lated from yeast was a gift from Dr. J. J. Pfiffner of Parke, Davis and Com- 
pany. Citrovorum factor isolated from liver was a gift from Dr. M. Silver- 
man and Dr. J. C. Keresztesy. Pyridoxal phosphate was synthesized by 
Dr. E. A. Peterson and Dr. H. A. Sober (11). 

Methods—The procedures for determination of protein and glycine have 
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been described (3); the glycine is determined colorimetrically following 
conversion to formaldehyde (12). 

Tetrahydrofolic acid was synthesized according to O’Dell et al. (13). 
After hydrogenation was completed, subsequent operations were carried 
out under hydrogen to prevent oxidation. 

Amino acids present in various pteridine derivatives were released by 
acid hydrolysis (18 hours in 6 N HCl at 105°) and determined quantitatively 
following conversion to their N-2:4-dinitrophenyl (DNP) derivatives, 
which were separated chromatographically, eluted individually, and read 
at 360 mu (Levy (14)).3 
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WAVE LENGTH IN MICRONS 
Fig. 2. Infra-red spectra for citrovorum factor and Co C type I 


EXPERIMENTAL 


Some Chemical Characteristics of Co C Derivatives—At least one of the 
Co C derivatives isolated is very similar to CF. Figs. 1 and 2 present 


*>The values reported previously (4) were determined by applying the correction 
factors (for elution recovery, etc.) obtained by Dr. Robert Redfield of this laboratory, 
since his technique in using Levy’s method was duplicated as closely as possible. It 
has since been considered more justified to apply, instead, correction factors obtained 
by the author, since consistently low values suggested that, in her hands, this method 
would not yield such quantitative results. A DNP analysis of a heptaglutamy] folic 
acid derivative (supplied by Dr. Pfiffner) gave values comparable to those obtained 
for the Co C hexa- or heptaglutamates, making it probable that the latter were hepta- 
rather than hexaglutamates (see ‘“Methods’’). Values reported previously are low 
by about 15 per cenit. 
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the ultraviolet and infra-red characteristics of Co C type I (a diglutamy] 
derivative (4)) as compared to those of CF. The maximum at 355 my 
under acid conditions is presumably due to an imidazolinium ring formation 
between the Ns and No positions involving the formyl group (15). These 
comparative data on the ultraviolet and infra-red behavior of Co C type I 
and CF make it probable that Co C type I is also reduced and formy- 
lated at the Ns position. 

Another type of Co C (VI) appears to be a polyglutamy] folic acid deriva- 
tive. The ultraviolet spectra for Co C type VI at alkaline and acid pH 
values appear in Fig. 3. Similar spectra have been reported for folic acid, 
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Fia. 3. Ultraviolet absorption spectra for Co C type VI (teropterin) at alkaline 
and acid pH. 


diglutamy] folic acid (9), and hexaglutamy] folic acid (8).4 A quantitative 
amino acid analysis of Co C type VI gave a value of 2.7 moles of glutamic 
acid per mole of folic acid, indicating that Co C type VI is identical with 
teropterin. No significant amount of amino acids other than glutamic 
acid was detected.® 

Comparative Coenzymatic Activity of Polyglutamyl Folic Acid and CF De- 
rivalives—It had previously been reported that two diglutamyl*: § and two 


4 Since folic acid and CF contain 1 glutamic acid residue, a derivative containing 
3 residues is referred to as diglutamyl] folic acid (CF). 

5 An N!9-CHO diglutamyl folic acid derivative has since been isolated from (. 
cylindrosporum. No other amino acid was present. 

6 Dr. Hakala kindly supplied a sample presumed to be diglutamyl CF (16). Al- 
though activity was obtained, not enough material was available to carry out the 
experiments necessary to determine whether or not this sample was the same as the 
Co C diglutamyl CF derivative. 


D 


r 
f 
t 
Pp 
a 
h 
(" 
| 

\ 

\ pn \ 
es 8.0 
ph 
sar 
hot 
Thi 
VI) 
Mr 
Wa: 
mo 
ma 
7 
ove 
mix 
8 
acid 
of t] 
find 


on 


B. E. WRIGHT 877 


hexaglutamyl Co C types are all highly active as coenzymes (4). The 
recent isolation of an active diglutamy] folic acid derivative (Co C type VI) 
from boiled extracts of C. cylindrosporum prompted a reinvestigation of 
teropterin, which had previously been tested and found inactive. After 
purification of the teropterin by paper chromatography, coenzymatic 
activity was detected.’ Similar chromatographic and coenzymatic be- 
havior of Co C type VI and purified teropterin suggests their probable 


identity.® 


Comparison of Activities of Diglutamyl Folic Acid and Diglutamyl CF As Cofactors 


TABLE 


for Transformation of Serine to Glycine 


Pteridine Concentration Omission Glycine 

Diglutamyl CF... 0.0024 0.145 
folic... 0.0023 0.131 

0.0046 0.239 

0.0046 DPN 0.066 

0.0046 Mntt 0.044 

0.0046 Pyridoxal 0.200 

phosphate 


The assay mixture contains the following substances in a total volume of 0.4 ml.: 
8.0 umoles of serine, 0.02 ~ymole of DPN, 2.0 umoles of MnSO,, 0.02 umole of pyridoxal 
phosphate (vitamin Bs), and 0.03 ml. of m potassium phosphate buffer, pH 6.5. Each 
sample had 1.1 mg. of enzyme protein and was incubated in an H;z atmosphere, 2 
hours at 38°. Concentrations of the polyglutamyl pteridines given are based on an 
Emax 283 = 27,600 for the folic acid and Emax 286 = 27,900 for the CF derivative (23). 
The diglutamyl folic acid was obtained from C. cylindrosporum extracts (Co C type 
VI) and is probably identical with teropterin. 


Activity of a CF polyglutamate is dependent upon the presence of DPN; 
Mn**, and pyridoxal phosphate (1). Coenzymatic activity of teropterin 
was also found to depend upon the presence of these supplements. On a 
molar basis, the oxidized and reduced pteridines had comparable coenzy- 
matic activity (Table 1). 


7 An inhibitor of the polyglutamyl] folic acid derivative was present which was 
overcome by relatively high concentrations of partially purified Co C consisting of a 
mixture of CF polyglutamy] derivatives. 

§ A sample of hexaglutamy] folic acid from yeast, prepared 10 years ago, was gen- 
erously supplied by Dr. Pfiffner (8). Acid hydrolysis of this material and subsequent 
amino acid analysis revealed 6.8 moles of glutamic acid per mole. No other amino 
acids were detected. Unfortunately, the ultraviolet spectrum and chromatography 
of the material showed that it had decomposed. It was therefore not surprising to 
find it inert coenzymatically. 
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Comparison of Polyglutamyl and Monoglutamyl Pteridines—Two mono- 
glutamyl pteridines, CF and FAH,, have previously been found active 
(1).2 The activity of these two compounds differs from that of Co C in at 
least two respects: Co C is active at lower concentrations than CF and 
FAH,, and DPN is required for Co C activity but not for the activity of the 
monoglutamates. 


TaBLeE II 
Coenzymatic Activity of Diglutamyl CF, FAH,, and CF 
Sample No. Pteridine Concentration Glycine 
pmole umole 

1 0.000 

2 Co C 0.0006 0.06 

3 a 0.0015 0.14 
4 0.0034 0.308 
5 " 0.010 0.520 
6 FAH, 0.05 0.028 
7 ” 0.20 0.094 
8 53 1.00 0.383 
9 CF 0.05 0.016 
10 0.10 0.020 
11 0.020 
12 Co C + CF 0.10 0.490 


The assay conditions are similar to those in Table I, except that each sample had 
6.0 pmoles of serine and 0.75 mg. of protein. DPN was omitted in the presence of 
FAH,; the blank used for these samples was the value in the absence of ninhydrin, 
(Somewhat according to the age of the preparation, a significant amount of formal- 
dehyde is released from FAH, itself. This value, obtained from an incubated sample 
analyzed in the absence of ninhydrin, is therefore subtracted from the values ob- 
tained in the presence of ninhydrin to give the correct figure for the amount of gly- 
cine formed (see ‘‘Methods’’).) 


More recent enzyme preparations have responded very feebly, if at all, 
to CF. With the same enzyme preparation, CF is neither active nor in- 
hibitory, and FAH, is required at about twice the concentration of glycine 
formed (Table IT). Co C is active at concentrations 0.01 that of the gly- 
cine formed, and, when Co C is limiting, increasing concentrations give 
rise to proportional increases in glycine formation. 

Further evidence for differences between Co C and FAH, was obtained 
by comparing their saturation curves. In Fig. 4, over the range tested, 
FAH, has no saturation level, whereas Co C does. This fact, as well as 
the high concentrations of FAH, required in this system, suggests that it 
may act as a stoichiometric acceptor of the 6-carbon of serine. Jaenicke 


® Folic acid, anhydroleucovorin, and N-10 formy] folic acid are inert in this system 
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- has evidence that serine can react with FAH, to form a hydroxymethyl 
derivative (17). 
at SATURATION CURVES 
nd FOR CoC AND FAH, 
he 1.0 
Br 
| FAH, 
z 
.4t 
> 
Oo 
= 
CONC. CoC AND FAH, 
Fig. 4. Saturation curves for Co C and tetrahydrofolic acid 
TABLE III 
Cofactor Requirements with Diglutamyl CF and FAH, 
Sample No. Addition Glycine, smole 
Iixperiment 1, other cofactor requirements with Co C 
0.040 
had 2 DPN, Mnt*, pyridoxal phosphate 0.575 
of 3 ‘¢ pyridoxal phosphate 0.058 
rin. 4 Mn't, pyridoxal phosphate 0.184 
nal- 5 wis DPN 0.445 
iple 
ob- Iixperiment 2, other cofactor requirements with FAH, 
gly- 
1 0.160 
2 DPN 0.00* 
all, 3 Mntt 0.226 
n- 4 Pyridoxal phosphate 0.216 
es 5 Mnt+ + pyridoxal phosphate 0.376 
gly- Assay conditions are similar to those of Table I. The concentration of FAH, 
rive present in Experiment 2 was 1.0 umole; the blank used was the value in the absence 
of ninhydrin. The Co C concentration in Experiment 1 was 0.015 umole; the blank 
ned used was the value in the absence of enzyme. 
* DPN was inhibitory. 
ted, 
1 ni A previous report showed clear Mn++ dependency in the presence of 
it it | DPN and pyridoxal phosphate when CF or FAH, fulfilled the pteridine 
icke requirement (1). Table III demonstrates that, in the absence of DPN, 
stem | the Mn+ and pyridoxal phosphate requirements for activity with FAH, 
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are strikingly reduced, although still present. Cofactor requirements in 
the presence of Co C are given under the same experimental conditions 
(Experiment 1, Table III). Earlier observations on the similarity of FAH, 
and CF in this system suggest that results similar to those described in 
Table III for FAH, would also hold for CF. Unfortunately, this could 
not be tested because of repeated failures to obtain again an enzyme 
preparation active with CF. 


TABLE IV 
Orthophosphate Requirement with Co C and FAH 


Sample No. | Buffer | Glycine, pmole 


Experiment 1, orthophosphate requirement with Co C 


1 Phosphate 0.224 

2 + succinate | 0.200 

3 | Succinate ! 0.000 
Experiment 2, orthophosphate requirement with FAH, 

1 Phosphate 0.450 

2 a + succinate 0.450 

3 Succinate 0.120 


The assay conditions were similar to those of Table I, except that potassium salts 
of phosphate and succinate were used at a concentration of 3 & 10°? mM and 1 X 10% 
M, respectively. A pH of 6.5 was found for all the samples after incubation.  Par- 
tially purified Co © was used in Iixperiment 1 at an unknown concentration; FAH, 
was present in experiment 2 at a concentration of 1.0 ~mole per sample. In lxperi- 
ment 2, DPN was omitted, and the blank value used was that obtained for Sample 2 
assayed in the absence of ninhydrin, 


The orthophosphate requirement, which had previously been observed 
for glycine formation as catalyzed by dialyzed enzyme preparations unre: 
solved for the pteridine requirement, was now reexamined with Dowex: 
treated enzyme, ‘Table TV shows that with Co © there is a complete de- 
pendence upon orthophosphate, whereas FAH, activity is only stimulated 
by orthophosphate. 


DISCUSSION 


From a comparison of various pteridines, it is clear that this enzyme 
system is specific for polyglutamates. Apparently the presence of 3 resi- 
dues, as compared to 1 glutamie acid residue, confers catalytic activity 
upon the pteridine coenzyme, regardless of its oxidized or reduced state. 
It is clear from the activity of Co C type VI (teropterin) that the presence 
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of amino acids other than glutamic acid (4) in the pteridine molecule is not 
required for catalytic activity of a polyglutamyl] pteridine in this crude 
enzyme system. It is not excluded, however, that the activity of terop- 
terin could involve its conversion to a derivative containing other amino 
acids. 

Although CF and FAH, fulfil the pteridine requirement, the mechanism 
of their action clearly differs from that of Co C, which is more closely 
related to the naturally occurring coenzyme than is either CF or FAHs. 
Two types of evidence support this statement: (1) In contrast to CF and 
FAH,, Co C derivatives have catalytic activity, a prerequisite for the 
functional form of a coenzyme. (2) In the presence of purified Co C, the 
other cofactor requirements observed are the same as those of the original 
enzyme system prior to the removal of the naturally occurring pteridine 
coenzyme. ‘This is not true of FAH, or CF. 

The fact that with some enzyme preparations Co C and FAH, are active, 
whereas CF is not, points to a mechanism of action of CF involving another, 
more labile enzyme system. When CF is active, it is presumably con- 
verted to Co C, FAH,, or both. Evidence has been obtained in liver 
tissue for the conversion of CF to FAH, (18). 

A number of papers have reported that FAH, activity is independent of 
other cofactor requirements (18-20). In the bacterial system described 
here, although FAH, is effective alone, its activity is stimulated by Mn*+, 
pyridoxal phosphate, and orthophosphate. Perhaps the stimulation by 
these cofactors reflects the extent to which FAH, serves by a mechanism 
other than as a stoichiometric acceptor of the B-carbon of serine (17). The 
difference in the rdle of DPN in the presence of Co C as compared to CF 
and FAH), is difficult to understand at this time. It can be stated that 
the DPN requirement does not depend upon whether the pteridine present 
is oxidized or reduced, since activity of both folic and CF’ polyglutamates 
requires DPN. In the presence of CoC, DPN may serve in the oxidation 
of the B-carbon of serine, since formate is formed (3). If FAH is a stoichio- 
metric acceptor of the B-carbon at the hydroxymethyl level, no DPN would 
be necessary, 

Although there have been no reports suggesting the existence of a hexa- 
glutamate CI’ derivative, a hexaglutamyl folic acid compound has been 
isolated (8). Dighitamyl CF has been synthesized by Shive et al. (21), 
and evidence for the probable existence of this compound in natural ma- 
terials has been obtained by Ericson (10) and more recently by Hakala and 
Welch (16) and Zakrzewski and Nichol (22).® 

The search for naturally occurring pteridine coenzymes with a cell-free 
assay system has revealed only polyglutamyl pteridines. Microbial anal- 
ysis of the various Co C derivatives excludes the presence of monoglu- 
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tamates.2. It may be significant that the enzyme system as well as the 
coenzymes was obtained from bacterial sources, since the polyglutamates 
reported in the literature are from microbial or plant materials (8, 10), 
From the point of view of comparative biochemistry, it will be of interest 
to know whether in mammalian tissue, also, the polyglutamates are the 
most active. 


SUMMARY 


The conversion of serine to glycine in a cell-free enzyme system pre- 
pared from a Clostridium is completely dependent upon the presence of 
polyglutamyl pteridine derivatives, as well as DPN, Mn*, pyridoxal phos- 
phate, and orthophosphate. CF and folic acid polyglutamates are cata- 
lytically active, whereas monoglutamyl pteridines are either inactive or 
active at substrate levels, in which case DPN is not required. Evidence 
is presented supporting the view that the naturally occurring pteridine 
coenzyme in this system is a polyglutamate. 


I wish to thank Dr. E. R. Stadtman for space in his laboratory as well 
as for helpful criticism. The author is also indebted to Mrs. Vivian Tomp- 
son for technical assistance during some phases of this work, to Dr. Todd 
Miles for preparing tetrahydrofolic acid, to Dr. D. Anderson of the East- 
man Kodak Company for the infra-red records, to Dr. R. Redfield for ad- 
vice concerning the quantitative estimation of amino acids, and to Dr. E. 
Korn for criticisms of the manuscript. 
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THE DETERMINATION OF SERUM BICARBONATE BY 
FLAME PHOTOMETRY 


By SIDNEY DAVIS anp T. H. SIMPSON, Jr. 


(From the Medical Research Laboratory, Veterans Administration Hospital, 
Indianapolis, Indiana) 


(Received for publication, September 8, 1955) 


At the present time, the applicability of the flame photometer to the 
clinical laboratory for determination of the cations sodium, potassium, and 
calcium in biological fluids has been demonstrated by numerous investiga- 
tors (1-7). The determination of magnesium in blood serum and plasma 
by flame photometry has also been described (2, 8). However, analysis of 
physiologically significant anions in biological fluids has not been reported 
in such detail as that of cations. In the experience of the authors, the 
analysis of serum inorganic sulfate by flame photometry has been the only 
representative of anion analysis by this technique (9). 

Our interest in a flame photometric method for serum bicarbonate has 
been stimulated by the publications of Exton, Schattner, and Rose (10) 
and Sobel and Eichen (11). We were unable to achieve satisfactory results 
by the method of Exton et al. However, with modification, the technique 
described by Sobel and Eichen has enabled us to obtain satisfactory flame 
photometric analyses of the BaCQ; precipitate. 


Method 


Reagents and Equipment— 

Barium hydroxide solution. 60 gm. of Ba(OH)2-8H.O (Baker’s analyzed 
reagent) per 1000 ml. of distilled water. The solution is filtered through 
glass wool over mineral oil until clear; then, protected by a layer of mineral 
oil, it is transferred to a separatory funnel. After filling the tip of the 
separatory funnel with glass wool, the solution is filtered into a Machlett 
self-filling burette of 5 ml. capacity, calibrated in 0.02 ml. Previous to 
and during the introduction of the barium hydroxide solution into the 
burette reservoir, nitrogen is bubbled slowly through the entire burette to 
displace the atmospheric air. All Machlett burettes used are protected 
with two soda lime tubes; in addition, the delivery arm of each burette is 
filled with glass wool. As a further precautionary measure, the tip end of 
the burette is fitted with a l-hole rubber stopper (size No. 0). During the 
transfer of reagents into the centrifuge tubes, exposure to atmospheric air 
minimized, 

Kthanol-water wash solution,  Viqual volumes of 05 per cent ethyl alcohol, 
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redistilled over barium hydroxide, and freshly boiled deionized water are 
mixed and transferred into a similar Machlett burette by the N» displace- 
ment technique, for removal of atmospheric air described above for the 
barium hydroxide solution. 

Deionized distilled water. Freshly boiled deionized water in a third self- 
filling Machlett burette of 5 ml. capacity calibrated in 0.1 ml. 

HCl. 

Centrifuge tubes. Special design by Sobel and Sobel (12); rubber stop- 
pers, No. 0, fitting tightly to the centrifuge tubes. 

Pipettes. 0.2 ml. graduated to 0.01 ml. between marks. 

Aspiration apparatus. To a nitrogen gas tank a supply line is connected 
through a glass capillary tube to one side of a 2-hole rubber stopper, No. 
0; through the other hole of the stopper is passed a second capillary tube 
connected to a waste line terminating within a 500 ml. suction flask open at 
the suction end. At a point between the N2 supply and capillary connec- 
tions, a sphygmometer is attached to adjust nitrogen pressure for slow 
aspiration. 

Beckman Model DU H,.O, flame spectrophotometer with photomultiplier at- 
tachment. 

Stock standard barium solution. 548.6 mg. of BaCl.-2H.O dissolved with 
100 ml. of distilled HO. This solution is equivalent to a serum sample 
calculated as 50 volume per cent COs». 

Working solution. The stock standard is diluted with distilled H,0, 
1:50. 


Procedure 


The usual precautions are observed for collecting blood samples under 
mineral oil. After clot formation, blood samples are centrifuged immedi- 
ately to obtain clear unhemolyzed serum. 

0.1 ml. of serum is pipetted into the specially designed centrifuge tubes 
and stoppered. During the remainder of the procedure, contact of the 
solution with the atmospheric air is kept to a minimum by rapid replace- 
ment of the stopper after each manipulation. 0.9 ml. of distilled water 
from a Machlett burette is added, and the solution in the tube is mixed 
by gentle tapping. At the same time, a blank is prepared containing | 
ml. of the distilled water. From this point, both the blank and the sample 
are treated identically. 0.3 ml. of saturated Ba(OH): reagent is now 
added, and the solution is again mixed gently. After less than 1 minute, 
precipitation takes place; 0.5 ml. of ethanol-water wash solution, described 
under ‘“‘Reagents and equipment,” is added, and the solution is mixed 
again. 

After centrifuging the samples for 10 minutes at 2000 r.p.m., the super- 
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natant fluid is aspirated slowly by means of the Ne aspiration apparatus. 
This is accomplished without disturbing the precipitate at the bottom or 
touching the sides of the tube with the capillary. The precipitate is re- 
suspended in the small volume of fluid remaining and washed first with 1 
ml. of the ethanol-water wash solution reagent and finally with 1 ml. of 
freshly boiled deionized water. After each washing, the tubes are centri- 
fuged, and the supernatant fluid is aspirated over nitrogen as described 
previously. At this point, the rubber stoppers are removed, and the tubes 
are dried at 110° for approximately 20 minutes. After cooling, 0.5 ml. of 
2 N HCl is added to each tube and placed in a boiling water bath for 1 
minute. The tubes are diluted to 5 ml. with distilled water, stoppered, 
mixed, and then centrifuged. 

The samples are now ready for flame photometry. With the phototube 
shutter open, with water as a blank, the zero reading is adjusted with the 
dark current knob. Other adjustments comprise hydrogen gas pressure 
at the control panel, 4.5 pounds per sq. in.; oxygen gas pressure, 15 pounds 
per sq. in.; monochromator sensitivity, maximum counter-clockwise; slit 
width, approximately 0.1 mm.; wave-length, 493.4 mu; photomultiplier 
sensitivity, 4; zero suppression, 1. 

By means of the working standard BaC), solution, the per cent transmis- 
sion is set to 50 with the slit adjustment. As a result, no calculation of 
volume per cent CQO, is necessary. Per cent transmission equals volume 
per cent COQ.. With water as the blank, each sample is then analyzed by 
fiame photometry. 


DISCUSSION 


Preliminary work in the development of this method involved a study 
of the possible analysis of the supernatant solution after the precipitation 
of BaCO;. From the difference in concentration of barium in the super- 
natant fluid before and after precipitation, a simple procedure should 
evolve. However, other interferences such as sodium, potassium, mag- 
nesium, calcium, and protein would introduce unpredictable enhancement 
or depression of flame luminosity from sample to sample. The alternative, 
the use of large volumes of dilute barium hydroxide solution in order to 
dilute the interferences, introduces other complications. Sobel and Eichen 
(11) have indicated that, prior to the addition of 0.5 ml. of an ethanol- 
water mixture, a barium hydroxide concentration of less than 1.4 per cent 
results in incomplete precipitation. Therefore, the blunt approach was 
resorted to, involving analysis of the washed BaCO; precipitate. A study 
of the flame background indicates that the ions, sodium, potassium, mag- 
nesium, calcium, and protein, offer no problem in interference after suffi- 
cient washing. 
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If one neglects adsorption by the precipitate and assumes that each 
aspiration left no more than 0.2 ml. of the supernatant solution in the 
centrifuge tube, the concentration of each of these interferences may be | © 
calculated in the final solution. As an approximation, by using initia] 
concentrations in serum of Na 150 m.eq. per liter, IX and Ca 5 m.eq. per 


liter, Mg 2 m.eq. per liter, and protein 7 gm. per cent, the final concentra- = 
tions of these interferences would be Na 0.009 m.eq. per liter, K and (Ca ‘ 
0.0003 m.eq. per liter, Mg 0.0002 m.eq. per liter, and protein 0.0004 gm. ( 
per cent. In Figs. 1 to 5, which graphically represent the background ” 
effects of these interferences, it is observed that enhancement or depressant : 
az 
z°40 Zo 60 O 
2 30 2 40| z 
O 06 15 45 .75 1.05 1.35 O 10 .20 .30 40 H 6 
SODIUM — M.EQ/L. POTASSIUM-M.EQ/L. | 
Fia. 1 Fia. 2 ss 
Fia. 1. Effect of sodium upon readings at 493.4 my with barium concentration 
equivalent to 0.5 volume per cent CO2. Slit widths of upper and lower curves are 
0.18 and 0.12 mm., respectively. 
Fig. 2. Effect of potassium upon readings at 493.4 my with barium concentration ba 
equivalent to 0.5 volume per cent CO:. Slit widths of upper and lower curves are : 
a 


0.18 and 0.12 mm., respectively. 


effects should not be encountered at the concentrations noted. ‘The pres- | © 
ence of excess barium hydroxide is the determining factor in the number of | 4 
washings; the contribution of this excess of reagent remaining would 
amount to approximately 0.2 volume per cent COs. 

Fig. 1 also illustrates the effect of decreasing the slit width upon sodium 
background interference. At slit width 0.18 mm. (upper curve), a 3 per ; “& 


cent increase in luminosity is noted at a concentration of 0.3 m.eq. per de 
liter of sodium. A rapid increase in luminosity is observed as the concen- | SU 
tration of sodium increases. By cutting the slit width down to 0.12 mm. | & 
(lower curve), an increase of approximately 1 per cent in luminosity oc- 
curs when the concentration of sodium is 0.45 m.eq. per liter. The con- | 
centration of sodium in the dilute HCl samples derived from serum ana- {| ™ 
lyzed by flame photometry is approximately 0.02 m.eq. per liter. Under | ©! 
wa 


the conditions of analysis, the washing procedure lowers the sodium con- 
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centration well below the level at which it contributes to the flame back- 
ground. 

As indicated in Fig. 2, the enhancement effect of potassium may be de- 
creased by using a more narrow slit width. At a concentration of 0.3 
m.eq. per liter of potassium, the upper curve (0.18 mm. slit width) shows 
enhancement effect of approximately 13 per cent, and the lower curve 
(0.12 mm. slit width) of approximately 4 per cent at the same concentra- 
tion of potassium. The concentrations of potassium, calcium, and mag- 
nesium in dilute HCl samples derived from serum have been determined. 
These are well below the region of background enhancement effect. A 
study of the effect of sulfate ion upon the barium flame spectra was not 
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Fic. 3. Effect of calcium upon readings at 493.4 my (slit width, 0.18 mm.) with 
barium concentration equivalent to 0.5 volume per cent COx. 

Fig. 4. Effect of magnesium upon readings at 493.4 my (slit width, 0.12 mm.) with 
barium concentration equivalent to 0.5 volume per cent CQO2. 


considered necessary. Barium sulfate is insoluble in HCl and, therefore, 
separated from the solution being analyzed by centrifugation. In Fig. 6, 
the calibration curve for the BaCl, standard indicates excellent linearity. 
The use of one standard is justified in the flame photometric analysis. 

During the early stages of this investigation, it was felt that large in- 
creases in per cent transmission values would be necessary in order to 
decrease the slit width, thereby lowering the flame background. As a re- 
sult, a study was carried on of the effect of organic solvents on the flame 
emission of barium. 

Mixtures of dilute aqueous HC] solutions and the organic solvents, ace- 
tone, methanol, ethanol, and propanol, were used. It was noted that the 
maximal increase in light emission was obtained from a mixture of 90 per 
cent acetone-10 per cent HCl solution. An approximate 5-fold increase 
was obtained in this instance. The enhancement effect of 90 per cent 
acetone-10 per cent water suggests that tissue analysis of bicarbonate con- 
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tent may be feasible with this solvent mixture by flame photometry, 
Other investigators have noted the enhancement effect of organic solvents 
upon the flame luminosity of other elements. Kingsley and Schaffert 
(13, 14) have reported enhancement effects for sodium, potassium, and 
calcium. The enhancement effect upon magnesium has been recently re- 
ported (8), and the enhancement effect of 50 per cent acetone-water upon 
copper has been recently indicated (15). Whether these effects are due to 
a decrease in surface tension of solution, the cooling effect of water upon 
the flame, or an increase in energy content of the vaporized metal ion re- 
mains a problem to be investigated. 
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Fig. 5. Effect of protein upon readings at 493.4 my (slit width, 0.18 mm.) with 
barium concentration equivalent to 0.5 volume per cent COd:. 
Fia. 6. Calibration curve of barium at 493.4 mu. 


The oxyhydrogen flame being used, the three most prominent barium 
lines suitable for flame photometric analyses are the 553.6 arc line, the 873 
molecular oxide band, and the 493.4 line of the single ionized atom. The 
latter wave-length has been chosen since 553.6 offers background inter- 
ferences of calcium while above 600 my the photomultiplier attachment 
cannot be used. 

Table I represents a series of comparison analyses by both the mano- 
metric Van Slyke technique and the method described. The results indi- 
cate that this method is suitable for running large numbers of serum 
bicarbonate determinations daily in the clinical laboratory without ap- 
preciable loss of time from other biochemical analyses. 

To test further the accuracy of the flame photometric method, a series 
of nine samples and water dilutions of these samples was analyzed. The 
results are indicated in Table II. 
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The aspiration technique is most critical from the standpoint of intro- 
duction of CO, from the atmosphere and the loss of precipitate by suction. 
Slow, steady aspiration, with approximately 5 mm. of pressure of N» (by 
using a sphygmometer), is most necessary. In addition, the capillary tip 


TABLE I 
Comparison of Manometric and Flame Photometric Analyses 


Flame pho- . Flame pho- | . 
eter method, | Van method, Per sent tometer method, Van methods! Per 
per cent per cent results per cent per cent results 
46.8 48.2 97 50.4 52.4 96.3 
37.8 38.7 97 43.3 41.7 103.4 
37.95 39.0 96 59.3 57.5 96.3 
45.6 45.9 99.4 46.7 45.7 102 
57.0 58.6 97.1 52.3 53.7 97.3 
54.6 56.4 96.9 43.3 44.9 96.3 
57.4 57.6 99.6 61.6 63.7 96.8 
53.7 53.4 100.8 37.8 37.9 99.8 
42.1 41.7 101 
TABLE II 
Recovery Experiment 
Volume percent Found diluted Volume per cent 
37.8 1:1 18.7 18.9 99.0 
37.8 2:1 24.8 25.2 98.5 
37.8 3:1 27.4 28.4 96.4 
61.6 1:1 30.5 30.8 99.0 
41.7 1:1 21.1 20.9 100.9 
41.0 1:1 20.2 20.5 98.6 
43.4 1:1 22.8 21.7 105.1 
58.3 1:1 29.3 29.2 100.2 
51.9 1:1 25.7 25.9 99.3 


of the aspiration tube should not, at any time, come in contact with the 
sides of the centrifuge tube. 


SUMMARY 


A flame photometric method for the determination of serum bicarbonate 
is described. A number of comparative studies which use this method and 
the manometric Van Slyke technique for determinations indicate that this 
method is of sufficient accuracy for clinical determination of serum bicar- 
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bonate. ‘The series of Comparison analyses indicates that the flame pho. 


tometer values vary from 96.0 to 103.4 per cent of the Van Slyke results, 


The authors are indebted to Miss Dorothy Brower, Chief, Medical I. 
lustration, Veterans Administration Hospital 5226, Indianapolis, Indiana, 
for preparation of the figures. 
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THE OCCURRENCE OF N-METHYL-2-PYRIDONE-5- 
CARBOXYLIC ACID AND ITS GLYCINI CONJUGATE 
IN NORMAL HUMAN URINE* 


By G. bk. LINDENBLAD,{| MASAKO KAIHARA, ann J. M. PRICK} 


(From the Cancer Research Hospital, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, July 25, 1955) 


During the development of a procedure for the determination of N- 
methyl-2-pyridone-5-carboxamide in human urine (1) two organic acids 
were encountered which had similar ultraviolet spectra. One of these 
was recently isolated and found to be N-methyl-2-pyridone-5-carboxylic 
acid (2), which Holman and DeLange (3, 4) were unable to detect in 
normal human urine. ‘The second acid has now been isolated in crystal- 
line form and has proved to be N-methyl-2-pyridone-5-formamidoacetic 
acid, or the N'-methyl-6-pyridone of nicotinuric acid. 

The urinary excretion of these new pyridones and of N-methyl-2-pyri- 
done-5-carboxamide has been determined before and after the administra- 
tion of nicotinic acid, trigonelline, nicotinuric acid, and 6-hydroxynico- 
tinic acid. None of these, except possibly trigonelline, led to an increased 
excretion of the acid or the glycine conjugate. Administration of either 
the acid or the glycine-conjugated pyridone was followed by an increased 
excretion of each of these acidic pyridones, but failed to increase the ex- 
cretion of N-methyl-2-pyridone-5-carboxamide. 


Materials and Apparatus 


The Dowex 50 (H+) was prepared as previously described (1). Dowex 
1 chloride (10 per cent cross-linkage, 200 to 400 mesh) was allowed to 
sediment in water, and the very fine and very coarse particles were re- 
moved by decantation. It was converted to the formate form by wash- 
ing with 2 m sodium formate until the effluent gave a negative test for 
chloride ions and then washed with one-third of this volume of 2 N formic 
acid. Immediately before use the 0.9 X 16.5 cm. columns of Dowex 1 
formate were washed with 100 ml. of 0.2 x formic acid in 80 per cent ethanol 
and then with 100 ml. of water. Columns of Nuchar C were prepared as 


* Supported in part by the American Cancer Society upon recommendation of the 
Committee on Growth of the National Research Council, and by the Wisconsin Divi- 
sion of the American Cancer Society. 

t Present address, Department of Chemistry, Graduate School, Georgetown Uni- 
versity, Washington, D. C. 

t Scholar in cancer research of the American Cancer Society. 


893 


| 

.» 22, 

seri, 

044), 
). 
ker, 


894 PYRIDONES IN URINE 


previously described (1). The N-methyl-2-pyridone-5-carboxylic acid, its 
amide, its glycine conjugate, and related compounds were from prepara- 
tions used in other studies (1, 5). 


EXPERIMENTAL 


Analytical Procedure—Urine samples were collected from three healthy 
male laboratory workers for two periods of 48 hours each (1, 5). After 
the first urine collection a supplement was administered as a single oral 
dose. Aliquots consisting of 12.5 per cent of the 48 hour urines were placed 
in duplicate Erlenmeyer flasks, and to one of each pair of samples 1,47 
mg. of N-methyl-2-pyridone-5-carboxylic acid and 2.01 mg. of its glycine 
conjugate were added. The samples were diluted to 750 ml. with water 
and passed through 3 & 18 cm. columns of Dowex 50 (H*). The effluent 
from the Dowex 50 columns passed directly into attached 3 XX 16 em. 
columns of Nuchar C. The columns were operated with about 200 em. 
of hydrostatic pressure and the samples passed through the columns in 6 
to 8 hours. The samples were washed through with 125 ml. of water, 
after which the Dowex 50 columns were detached and saved for regenera- 
tion. The charcoal columns were further washed with 100 ml. of 0.1 N 
HCl, 100 ml. of water, and finally with 160 ml. of 2 per cent pyridine. 
The pyridones were then eluted with 200 ml. of 2 per cent pyridine. 

The pyridine effluent was passed through a 0.9 X 16.5 cm. column of 
Dowex 1 formate and was washed through with 100 ml. of water. The 
column was then washed with 130 ml. of 0.02 n formic acid in 80 per cent 
ethanol (which was discarded), and both pyridones were eluted with 140 
ml. of 0.06 N formic acid in 80 per cent ethanol. These columns were 
operated with pressure to maintain a flow rate of 40 to 50 drops per min- 
ute. 

The solvent was removed in vacuo over CaCl, and NaOH. The resi- 
dues were dissolved in 50 ml. of water and passed through a fresh 0.9 X 
16.5 cm. column of Dowex 1 formate. After washing with 100 ml. of 
water the column was eluted with (1) 100 ml., (2) 40 ml., (3) 90 ml., and 
(4) 20 ml. of 0.02 n formic acid in 80 per cent ethanol, and then with (5) 
30 ml., (6) 80 ml., and (7) 30 ml. of 0.06 N formic acid in 80 per cent ethanol. 
These fractions were read at 295 and 310 my in a Beckman model DU 
spectrophotometer to detect the pyridones. The N-methyl]-2-pyridone- 
5-carboxylic acid was usually entirely in fraction 3 and the glycine conju- 
gate was in fraction 6. From the ultraviolet readings the pyridone con- 
tent of the urine and recoveries of the added pyridones were calculated. 

The solvent was again removed from the fractions containing the pyr- 
dones, and the residues were dissolved in 5.0 ml. of water with the aid of 
a drop of concentrated NH,OH. Aliquots of this solution were diluted 
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with 0.1 m phosphate buffers at pH 2.0 and 7.4, and the ultraviolet spectra 
were taken. Another aliquot was used for the quantitative estimation of 
the pyridone content by the Knox and Pines colorimetric procedure (6). 
In some experiments, measured amounts of the solution were streaked on 
Whatman No. 1 filter paper and chromatographed by the procedure of 
Mason and Berg (7). The ultraviolet-absorbing bands were removed 
from the sheets and quantitatively eluted with the same solvent in a de- 
scending system. ‘The solvent was removed, and spectra of the eluates 
were taken in phosphate buffer at pH 2.0. 

For the isolation of the pyridones from urine in crystalline form, multi- 
ple columns were run as described above. ‘The pooled fractions of N-meth- 
yl-2-pyridone-5-carboxylic acid and its giycine conjugate were rechro- 
matographed separately on 1.5 & 25 em. columns of Dowex 1 formate, 
with the use of a gradient elution as described by Busch, Hurlbert, and 
Potter (8). With a 600 ml. reservoir containing 0.18 N formic acid in 80 
per cent ethanol and a mixing chamber containing 250 ml. of 80 per cent 
ethanol, the N-methyl-2-pyridone-5-carboxylic acid appeared in tubes 90 
to 107 (3.0 ml. each) and the glycine conjugate came off in tubes 122 to 
145. The appropriate samples were pooled, and the solvent was removed 
in vacuo. The residues were dissolved in 25 ml. of water, passed through 
0.9 X 4.0 em. columns of Dowex 50, and washed through with 75 ml. of 
water. The combined effluents and washings were evaporated to dryness 
in vacuo on. a water bath. The colorless residues were recrystallized twice 
from about 1.5 to 2.0 ml. of hot water, to yield about 10 mg. of each com- 
pound. | 

The N-methyl-2-pyridone-5-carboxamide was determined as previously 
described (1, 5). 


Results 


The crystals of natural or synthetic N-methyl-2-pyridone-5-carboxylic 
acid melted! separately or mixed at 240—240.5° (2). The N-methyl-2- 
pyridone-5-formamidoacetic acid obtained from urine melted at 237-238°, 
and the synthetic material melted at 236-—237° (mixed m.p. 236-237°). 
This compound decomposed upon melting (5), and the melting point de- 
pended upon the temperature at which the sample was placed in the block 
and the rates of heating, which were 218° and 2° per minute, respectively, 
for the reported values. Mixing N-methyl-2-pyridone-5-carboxylic acid 
with its glycine conjugate depressed the melting point considerably (5). 

The ultraviolet absorption spectrum of the N-methyl]-2-pyridone-5- 
formamidoacetic acid isolated from urine appears in Fig. 1. This spectrum 
was almost identical in 0.1 m phosphate buffers at pH 2.0, 7.4, or 12.0. 


1 All melting points are uncorrected. 
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The spectrum of the synthetic compound was essentially identical to that 
of the natural product at all three pH values. The spectrum of N-methyl- 
2-pyridone-5-carboxylic acid (Fig. 1) resembled that of its glycine conju- 
gate at pH 2.0, especially above 250 mu, but at pH 7.4 it was quite differ- 
ent below 295 my and identical above the latter wave-length. 

When solutions of crystalline natural or synthetic samples of N-methyl- 
2-pyridone-5-formamidoacetic acid were subjected to the color reaction 
of Knox and Pines over a range of concentrations from 65 to 490 y per 5 
ml. tube, identical color development was obtained with the two products, 


OPTICAL DENSITY 


240 260 280 300 320 340 
WAVELENGTH,MILLIMICRONS 
Fic. 1. The ultraviolet absorption spectra of 3.22 * 10°° mM N-methyl-2-pyridone- 
5-formamidoacetic acid in 0.1 mM phosphate buffer, pH 7.4, are O, from urine; X, 
synthetic. The effect of pH on the spectrum of 3.22 X 107-5 mM synthetic N-methyl- 
2-pyridone-5-carboxylic acid shown for comparison is A, pH 7.4; @, pH 2.0. The 
urinary product had an identical spectrum. The spectra were taken in matched 
silica cells with 1.0 em. light path. 


Beer’s law was obeyed over this range, and light absorption was maximal 
at a wave-length of 570 my with each sample. Equimolar amounts of 
N-methyl-2-pyridone-5-carboxylic acid developed the same amount of 
color with an identical absorption maximum. 

The Ry values for either natural or synthetic N-methy]-2-pyridone-5- 
carboxylic acid and N-methyl-2-pyridone-5-formamidoacetic acid were 
(1) in methanol, benzene, butanol, and water (2:1:1:1), 0.60 and 0.50; 
(2) in the same solvent as (1) but with 1.0 ml. of concentrated NH,OH 
added per i00 ml., 0.14 and 0.06; (3) in the same solvent as (1) but with 
0.5 ml. of glacial acetic acid per 100 ml., 0.75 and 0.64; (4) in butanol, ace- 
tic acid, and water (4:1:1), 0.70 and 0.55; (5) in butanol, acetic acid, and 
water (4:1:5), 0.74 and 0.57; and (6) in butanol saturated with 0.2 N 
NH,OH, 0.10 and 0.05, respectively. Solvent systems 5 and 6 were de- 
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scending, while the others were ascending chromatograms. In all cases 
Whatman No. 1 filter paper was used. 

In these solvent systems the crystalline natural products yielded single 
spots upon inspection under ultraviolet light. Spraying the chromato- 
grams with a number of reagents including ninhydrin and the Patton and 
Foreman reagent for glycine (9) failed to reveal additional spots. 

A few crystals of both the urinary and the synthetic samples of N-methy]- 
2-pyridone-5-carboxylic acid and its glycine conjugate were covered with 


TABLE I 


Urinary Excretion of Pyridones by Man before and after Administration of 
Various Supplements 


Pyridone excreted in 48 hrs. before and after 
supplementation* 
No. of Amount sacs 

Supplement given Free acidt Amidet 
Before | After | Before | After | Before | After 
2 Nicotinic acid 202 4) 8 17 15 38 159 
2 Trigonelline 225 4) 11 17 20 40 43 
2 Pyridone (acid) 128 12 40 25 64 41 40 
1 wi (glycine 34 8 13 17 24 43 47 

* conjugate) 
1 Nicotinuric acid 74 9 6 17 14 41 66 
l 6-Hydroxynicotinic 54 10 8 20 22 46 49 
acid 


* In the case of the free acid and the glycine conjugate these data were calculated 
from the spectrophotometric readings only. 

t These designations represent the free acid, the glycine conjugate, and the amide 
of N-methyl-2-pyridone-5-carboxylic acid, respectively. 


0.3 ml. of 1 N NaOH and heated in a boiling water bath for 1 hour. The 
alkaline solutions were diluted to 1 ml. with water and spotted for chro- 
matography with the six systems described above. All four samples 
yielded spots which were identical in Rr values and appearance with 
N-methyl-2-pyridone-5-carboxylic acid. Both the natural and synthetic 
conjugated pyridones revealed less intense spots identical with N-methyl- 
2-pyridone-5-formamidoacetic acid, indicating incomplete hydrolysis. Al- 
though both of the pyridones failed to react with ninhydrin on paper, a 
ninhydrin-positive spot identical in Rr value with glycine was produced 
by hydrolysis of either the natural or the synthetic N-methyl-2-pyridone- 
5-formamidoacetic acid. This same spot also gave a positive test for 
glycine with the procedure of Patton and Foreman (9). 
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Table I contains the data for the urinary excretion of the three pyridones 
before and after the oral administration of the various supplements. There 
was a significant increase in the excretion of the amide following ingestion 
of nicotinic or nicotinuric acid, as had been found previously (5). Ad- 
ministration of either V-methyl-2-pyridone-5-carboxylic acid or its glycine 
conjugate was followed by an increase in the excretion of each of these 
acidic pyridones. The slight increase in the urinary levels of these new 
pyridones following supplementation with trigonelline was of questionable 
significance. Ingestion of nicotinic, nicotinuric, or 6-hydroxynicotinic 
acid failed to increase the excretion of these acidic pyridones. 

The pyridone excretion as measured by the ultraviolet light absorption 
of the 80 per cent ethanol-formic acid effluents, the phosphate buffer solu- 
tions of the pyridone fractions, the effluents from the paper chromato- 
grams, or by the color reaction of Knox and Pines (6) gave results that 
were in agreement by a range of +5 per cent of the average of all the val- 
ues found. Therefore, the color reaction and quantitative paper chro- 
matography were not carried out routinely. The recoveries ranged from 
76 to 115 per cent, but were usually from 85 to 95 per cent. The recov- 
eries were similar with the various procedures, except that the color reac- 
tion for the glycine conjugate often gave values as low as 40 to 50 per cent, 
probably as the result of the presence of traces of hippuric acid (see below). 


DISCUSSION 


These new urinary pyridones were first noted during attempts to isolate 
N-methyl-2-pyridone-5-carboxamide from human urine to check the va- 
lidity of a quantitative method for the determination of the amide (1). 
Since Dowex 1 (OH~) could not be satisfactorily regenerated after exposure 
to whole urine or the Dowex 50 (H*) effluent of urine,? an attempt was 
made to conserve the Dowex 1 by passing the urine through Dowex 50 
and collecting the pyridone amide on a Nuchar C column. When the 
pyridine effluent from the charcoal column was passed through Dowex 1 
(OH- or HCOO-), some material with an ultraviolet spectrum like the 
pyridone amide was lost, while the latter was obtained in the expected 
yield.2, This indicated that some acidic pyridone must exist in human 
urine. The acidic pyridone could be eluted from Dowex 1 formate with 
formic acid, and paper chromatography revealed the presence of a sub- 
stance apparently identical with N-methy]-2-pyridone-5-carboxylic acid. 
This eluate also appeared to contain hippuric acid and a slower moving 
spot. The latter was eluted from the paper, and it also was found to have 
a spectrum like a pyridone. 

The fact that the spectrum of the second acidic pyridone was not affected 


* Price, J. M., unpublished observations. 


by 
tha 
by 
sen 
| 
we 
line 
of 
acl 
hip 
eve 
pd 
loss 
ace 
lat 
out 
gal 
of 
use 

sar 
tio 
fro 
in | 
tal 
fur 
mi 
2-p 
me 
nat 
om 
sa 
acl 
at, 
abc 
qué 
the 

at 


LINDENBLAD, KAIHARA, AND PRICE 899 


by pH changes led to its identification. Knox and Grossman (10) stated 
that the spectrum of N-methy]-2-pyridone-5-carboxamide was not affected 
by pH values. Since the spectrum of the corresponding acid was very 
sensitive to pH changes, this made it appear probable that the unknown 
pyridone did not have a free nuclear carboxyl group. So much difficulty 
was experienced in attempts to obtain the conjugated pyridone in crystal- 
line form that it was originally thought to be a glucuronide. Hydrolysis 
of impure concentrates consistently gave negative tests for glucuronic 
acid and positive tests for glycine. However, the presence of traces of 
hippuric acid vitiated these observations. Crystals formed readily, how- 
ever, when the concentrated material from Dowex 1 formate was again 
passed through Dowex 50 as described. Recrystallization resulted in the 
loss of the last trace of hippuric acid. N-Methy]-2-pyridone-5-formamido- 
acetic acid was then synthesized and proved to be identical with the iso- 
lated crystals. 

The method of Knox and Pines (6) was very helpful for following the 
isolation of these new pyridones from urine. However, as they pointed 
out, the colorimetric procedure was affected by the presence of other or- 
ganic compounds. In the present studies it was found that the presence 
of small amounts of hippuric acid rendered the Knox and Pines reaction 
useless. 

The large amount of hippuric acid in normal human urine made it neces- 
sary to use two columns of Dowex 1 formate for the isolation and separa- 
tion of the acidic pyridones. Following the elution of the two pyridones 
from the first Dowex 1 formate column, further elution with formic acid 
in 80 per cent ethanol removed essentially pure hippuric acid, which crys- 
tallized in long colorless needles upon removal of the solvent. Without 
further purification these needles melted at 188-189° alone and when 
mixed with authentic hippuric acid. 

The procedure used in these studies for the determination of N-methyl- 
2-pyridone-5-carboxylic acid and its glycine conjugate cannot be recom- 
mended for general use. Nearly 5 days were required for two determi- 
nations with recoveries if the quantitative paper chromatograms were 
omitted. 

The ultraviolet spectra indicate (Fig. 1) the advantage of reading the 
samples at both pH 2.0 and 7.4. With N-methyl-2-pyridone-5-carboxylic 
acid a change in pH from 7.4 to 2.0 increased the ultraviolet absorption 
at 260 my by about 48 per cent, decreased the absorption at 310 my by 
about 22 per cent, and had no effect on the reading at 295 mu. In the 
quantitative determinations, calculations were made from the readings at 
these three wave-lengths. In spite of the large differences in the readings 
at these two pH values, the calculated results always agreed well. 
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The reasons why Holman and DeLange (3, 4) were unable to detect 
N-methyl-2-pyridone-5-carboxylic acid in human urine were not apparent, 
Perhaps it occurred in the urine as a labile conjugate, not detected in their 
procedure, but from which the free acidic pyridone was liberated during 
the chromatographic procedure. It appeared unlikely that this compound 
was formed by hydrolysis of the amide since the excretion of the latter 
was greatly increased following administration of nicotinic acid without 
any apparent increase in the excretion of the free acid. The fact that the 
added glycine conjugate was recovered from urine in good yield indicated 
that this was not hydrolyzed during the isolation. 

The origin of these new urinary pyridones remains to be determined. 
If they were produced from the metabolism of trigonelline, it would require 
a daily intake of perhaps more than 1 gm. per day. It would appear that 
nicotinic acid was not a direct precursor of these compounds. Holman 
and DeLange (4) also found no measurable excretion of N-methy]-2-pyri- 
done-5-carboxylic acid after ingestion of nicotinic acid. 

When N-methyl-2-pyridone-5-carboxylic acid was administered, it was 
found, in agreement with Holman and DeLange (3, 4), that about 22 per 
cent could be accounted for in the urine. An equal quantity has been 
accounted for as the glycine conjugate, leaving slightly over half unac- 
counted for. It seems likely that other derivatives or conjugates may be 
excreted, although no evidence has been obtained for their presence in 
human urine. 

It was previously found (5) that the administration of 6-hydroxynico- 
tinamide or the corresponding acid failed to increase the urinary excretion 
of N-methyl-2-pyridone-5-carboxamide by human subjects. In the pres- 
ent studies, 6-hydroxynicotinic acid failed to increase the excretion of 
N-methyl-2-pyridone-5-carboxylic acid. These results suggest that oxi- 
dized nicotinic acid or nicotinamide was not methylated by human sub- 
jects. However, the metabolic fate of these compounds was not deter- 
mined in the present studies. 


SUMMARY 


1. N-Methyl-2-pyridone-5-carboxylic acid has been isolated from normal 
human urine, in which it was found to the extent of 3 to 6 mg. per 24 hours. 
When it was administered to human subjects, 44 per cent was accounted 
for by equimolar increases in the excretion of the acidic pyridone and its 
glycine conjugate. 

2. N-Methyl-2-pyridone-5-formamidoacetic acid was also isolated in 
crystalline form from human urine in which it was found in amounts of 
8 to 12 mg. per day. Oral administration to one human subject increased 
the excretion of this pyridone and of the free acid to levels which would 
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account for 30 per cent of the dose, equally divided between the two com- 
pounds. 

3. Trigonelline ingestion was followed by very slight, if any, increase in 
the excretion of each of the acidic pyridones. 

4, Nicotinic acid, nicotinuric acid, and 6-hydroxynicotinic acid failed to 
alter the urinary excretion of either of these new pyridones. 


The authors wish to thank Mr. Linwood W. Dodge for valuable assist- 
ance with some of the paper chromatography. 


BIBLIOGRAPHY 


. Price, J. M., J. Biol. Chem., 211, 117 (1954). 

. Price, J. M., and Lindenblad, G. E., Federation Proc., 14, 264 (1955). 

. Holman, W. I. M., and DeLange, D. J., Biochem. J., 46, 47 (1950). 

. Holman, W. I. M., and DeLange, D. J., Nature, 165, 604 (1950). 

. Walters, C. J., Brown, R. R., Kaihara, M., and Price, J. M., J. Biol. Chem., 217, 
489 (1955). 

. Knox, W. E., and Pines, K. L., Federation Proc., 12, 231 (1953). 

. Mason, M., and Berg, C. P., J. Biol. Chem., 188, 783 (1951). 

. Busch, H., Hurlbert, R. B., and Potter, V. R., J. Biol. Chem., 196, 717 (1952). 

. Patton, A. R., and Foreman, E. M., Science, 109, 339 (1949). 

. Knox, W. E., and Grossman, W. I., J. Biol. Chem., 168, 363 (1947). 


or rt WwW woe 


oo wos 


rent, 
their 
ring 
itter 
hout 
| 
ated 

ned, | 
ulre 
that 
man 
yri- 

was 

per 
een 
| 
r be 
> in 
1cO- 
lon 
res- 
ub- 

nal 7 
Irs. 
ted 

its 

in 

of 
sed 
ald 


| By 
| 
ac 
of 
sh 
da 
to 
tal 
of 
ele 
car 
mg 
(Ar 
at 
hou 
enz 
rap 
syst 
ml. 
of 1 
met 
aliq 
Afte 
extr 
extr 
grou 
be us 
| pepti 


CORTICOTROPINS (ACTH) 


VIII. THE ACTION OF PEPSIN ON a-CORTICOTROPIN AND THE 
C-TERMINAL AMINO ACID SEQUENCE 


By R. DAVID COLE, CHOH HAO LI, J. IEUAN HARRIS, ann NING G. PON 


(From the Hormone Research Laboratory and the Department of Biochemistry, 
University of California, Berkeley, California) 


(Received for publication, August 1, 1955) 


In Paper IV of this series (1) it was shown that phenylalanine, glutamic 
acid, and leucine are released consecutively in an amount of nearly 1 mole 
of each amino acid per mole of a-corticotropin, when the hormone from 
sheep glands is submitted to digestion with carboxypeptidase. From these 
data, the C-terminal amino acid sequence! in a-corticotropin was assumed 
~ to be Leu.Glu.Phe. In the present investigation it was found that crys- 
talline pepsin effects the liberation of only eleven amino acids from the 
(C-terminus of a-corticotropin and does not attack the N-terminal portion 
of the peptide hormone. This study establishes the sequence of these 
eleven amino acids and confirms the results of the investigation with 


carboxypeptidase (1). 


EXPERIMENTAL 


Rate of Digestion and Separation of Peptide Fragments on Paper—13.5 
mg. of a-corticotropin trichloroacetate (4) and 0.1 mg. of crystalline pepsin 
(Armour) were dissolved together in 5 ml. of 0.01 m HCl and incubated 
at 37°. Aliquots of 1 ml. were removed at intervals of 0, 1, 2, 4, and 8 
hours and put into a boiling water bath for 2 minutes to terminate the 
enzymatic activity; 0.2 ml. of each aliquot was submitted to chromatog- 
raphy on Whatman No. 1 filter paper with the BuOH-HOAc-H,20 (4:1:5) 
system of Partridge (5) as the developing solvent. The remaining 0.8 
ml. of each aliquot was neutralized with 0.1 m NaOH, and 0.2 ml. of each 
of these neutralized aliquots was taken for analysis by the ninhydrin 
method of Moore and Stein (6). The other 0.6 ml. of each neutralized 
aliquot was allowed to react with fluorodinitrobenzene (FDNB) (7). 
After extraction of excess FDNB, the suspensions were acidified and were 
extracted twice with ether and twice with ethyl acetate. The combined 
extracts were taken for the quantitative determination of N-terminal 
groups by the procedure previously described (7). 

' Throughout this paper the abbreviations suggested by Brand and Edsall (2) will 
be used for the amino acid residues. The arrangement of amino acid residues in the 
peptides is described according to the suggestions of Sanger (3). 


903 


| 


904 CORTICOTROPINS. VIII 


Fig. 1 presents a chromatogram of the dinitrophenyl (DNP) derivatives 
of the N-terminal amino acids of the peptide fragments obtained from 
an 8 hour digestion of the hormone with pepsin. It was noted that similar 
chromatograms were obtained whether the interval of digestion had been 
1, 2, or 4 hours, indicating that qualitatively no new N-terminal amino 

(1) "Toluene 


(2) 16M Phosphate(pH §.0) 


Asp 


Fig. 1. A two-dimensional chromatogram on paper of the DNP derivatives of the 
N-terminal amino acids of the peptide fragments obtained from an 8 hour peptic 
digest of a-corticotropin. 


acids appear after the Ist hour. These N-terminal amino acids were 
identified as phenylalanine, serine, glutamic acid, and aspartic acid; dini- 
trophenol (DNPOH) also appeared. Since DNP-proline and DNP-glycine 
may decompose during acid hydrolysis, the products of decomposition of 
either or both of these DNP amino acids could have contributed to the 
vield of the DNPOH. The rate of release of these N-terminal amino 
acids and the formation of DNPOH as a function of time of digestion may 
be seen in Fig. 2. 

The small increment of total ninhydrin color in the digest observed as 
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a function of time up to 24 hours (Fig. 3) may be taken to indicate that 
only a limited cleavage of peptide bonds in a-corticotropin is effected by 
pepsin. Moreover, when digests representing different degrees of hy- 
drolysis (from 1 to 8 hours) were submitted to one-dimensional chromatog- 
raphy in the solvent system consisting of BuOH-HOAc-H,20 (4:1:5), simi- 
lar patterns were obtained in all cases. It may be seen in Fig. 4 that there 
appeared in each instance at least eight ninhydrin-positive spots; when a 
chromatogram obtained from an 8 hour digest was sprayed with isatin 


o Serine 
4 Phenylalanine 
OFF Glutamic Acid 
® Dinitrophenol 
™ 
= 
¢ 03 
O 
02 
a 
0.1 


Time in Hours 


Fig. 2. Rate of appearance, during the digestion of a-corticotropin with pepsin, of 
N-terminal residues as determined by DNP analysis. 


solution (8), blue spots appeared in positions corresponding to Spots 6 and 
7 (see Spot 8b, Fig. 4), indicating that proline is probably the N-terminal 
residue in these peptides. It should be noted that Spot 5 also gave faint 
blue coloration with isatin. 

In order to determine qualitatively the composition of the peptides de- 
rived from each ninhydrin-positive spot in Fig. 4, the seven spots (Spots 
1 to 7 inclusive) were cut from the paper and eluted with 3 per cent aque- 
ous NH;. The eluate from each spot was evaporated to dryness, dissolved 
in 1 ml. of 5.7 m HCl, and hydrolyzed at 105° for 16 hours. Qualitative 
amino acid analysis of the hydrolysates was then carried out by two-di- 
mensional chromatography on Whatman No. | filter paper in the solvent 
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systems Of Levy and Chung (9). The results, summarized in Table I, 
indicate that the eluates from each of these spots seemed to contain only 
afew amino acids, and that Spot 5 appeared to consist almost entirely of 
phenylalanine. 

Since a-corticotropin contains only 1 residue of leucine (10), and since 
leucine was found to occur at the C-terminus of the peptide hormone in 
the sequence Leu.Glu.Phe (1), it was therefore assumed that the peptides 
derived from Spots 6 and 7 must have the sequences... Pro.Leu.Glu and 
...Pro.Leu.Glu.Phe, respectively. This assumption was reenforced by 
the identification, by means of the carboxypeptidase procedure (11), of 
the C-terminal amino acid of the eluates from each of these spots. 


TABLE I 


Qualitative Amino Acid Composition of Peptides from Paper Chromatogram of Pepsin 
Digest of a-Corticotropin 


Spot No.* 
Amino acid 

1 2 3 4 5 6 7 

*See Fig. 4. 


Spot 0 was cut from two chromatograms of the 4 hour digest before they 
were sprayed with ninhydrin; these two spots were subjected directly to 
the phenyl! isothiocyanate procedure of Edman (12), as modified by Fraen- 
kel-Conrat (13), in order to determine the N-terminal amino acid sequence. 
It was found that the peptide fraction represented by Spot 0 has the same 
N-terminal amino acid sequence as a-corticotropin; namely, Ser.Tyr.Ser. 
Met. This finding, together with the apparent composition of Spots 6 
and 7, suggests that, under these conditions of digestion, pepsin releases 
peptides from only the carboxyl] end of a-corticotropin and does not attack 
the amino end to a detectable degree. 

Thus, from the results obtained above and summarized in Table II, it 
may be assumed that the identity of the amino acids in Spots 5, 6, and 7, 
as well as the sequence in which they occur, is established; this leaves only 
Spots 1, 2, 3, and 4 to be investigated. In order to confirm these assump- 
tions and to elucidate the nature of these latter spots, the following experi- 
ments were carried out. 
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Separation of DNP Peptides 25 meg. of e-corticotropin trichloroacetate 
and 0.4 mg. of pepsin were dissolved in 8 ml. of 0.01 Mm FICL and incubated 
at 37° for 4 hours. After being placed in a boiling water bath for 2 min- 
utes, the whole digest was cooled and brought to pH 9.0. The solution 
was then allowed to react with fluorodinitrobenzene at pH 9.0 and 40° for 
90 minutes in the reaction cell of a Jacobsen-Léonis autotitrator (14), as 
previously described (15). The veaction mixture was then transferred 
quantitatively to a graduated centrifuge tube, and the excess FDNB was 
removed by extraction with peroxide-free ether. The solution was then 
acidified to pH 1.0 with 6 N HCl and extracted four times with ether and 
four times with ethyl acetate. The resulting extracts were then fraction- 
ated by chromatography on paper. 

As shown in Fig. 5, A, the ether extract gave rise to eight spots when 
it was submitted to chromatography on paper (Whatman No. 1) with 


TABLE II 
Analysis of Spots from Paper Chromatogram of Pepsin Digest of a-Corticotropin 
Probable 

Spot No. Amino acids present N — a ga Probable sequence 

5 Phe Phe 

6 Glu, Leu, Pro Pro Glu Pro. Leu. Glu 

7 Glu, Leu, Pro, Phe Pro Phe Pro(Leu, Glu) Phe 


* See Fig. 4. 


tert-amy] alcohol-isoamy] alcohol-3 per cent NH; (1:1:2); it can be seen in 
Fig. 5, B that Spot 1 could be further separated into three spots by chroma- 
tography with ¢ert-amy] alcohol-3 per cent NH; (1:1). The ethyl acetate 
extract was chromatographed on paper in two dimensions, first’ with fert- 
amyl alcohol-3 per cent NH; (1:1) and then with an 0.8 m phosphate buffer 
at pH 6.7 as the developing solvents (Fig. 6). 

The following spots were subjected to analysis: Spots la, 2a, 4, and 6 
from the chromatograms of the ether extract, and Spots 1 and 2 from that 
of the ethyl acetate extract. These spots were excised, eluted with 3 per 
cent NH3, and hydrolyzed with 1 ml. of constant boiling HCl in vacuum- 
sealed Pyrex tubes at 105° for 16 hours. The DNP amino acids were 
extracted from the acid hydrolysates with ether and then were identified 
by the procedure of Levy (7). The aqueous residues were evaporated to 
dryness over steam, and their amino acid compositions were determined 
either qualitatively on paper (9) or quantitatively by means of the paper- 
DNP method (7). In two cases, aliquots of the eluates were treated with 
carboxypeptidase (20 to 50 y) in an HOAc-Me;N buffer of pH 7.6 for 16 
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Fic. 5. A. Chromatogram of the ether-extractable DNP peptides derived from 
a peptic digest of a-corticotropin. B.Rechromatography of a DNP peptide fraction 
(Spot 1). 
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ow i Fic. 6. Chromatogram of ethyl acetate-extractable DNP peptides derived from a 
peptic digest of a-corticotropin. The shaded spot represents dinitrophenol. 
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hours at 25°. The reaction was stopped by immersing the reaction vessel | wat 
in boiling water for 2 minutes, and the reaction mixture was then dried | dim 
in vacuo over P20;. The residue was dissolved in a minimal volume of | jder 


rest 
TABLE III rent 
Analysis of Spots from Paper Chromatograms of DNP Derivatives of Pepsin Digest Leu 
of a-Corticotropin be 
N- aga 
Spot No.* Terminal Residual amino acids Terminal Probable structure Ringe 
residue residue it 1 
Asp Glu Asp.Glu 
Mt,O-2a Phe Glu, Pro, Leu Phe(Glu, Pro, Leu) 
t,0-3b Phe Glu, Pro, Leu, Phe Phe(Glu, Pro, Leu, Phe) 
Kt,04 Glu Phe, Ala Phe Glu. Ala. Phe 
Phe Phe 
KtOAc-1 Asp Glu, Ala, Ser Ser Asp(Glu, Ala)Ser 
Ser Ala, Glu, Phe Ser(Ala, Glu, Phe) 


* For Spot Et,0, see Fig. 5, A and B; for Spot tOAc, see Fig. 6. 


x 
EO 
t 2a O O Asp 
2b 
O 
3a () Ala F 
0 tide 
3b 
F 
4a () O Val 
4b diss 
who 
5a O Tleu batt 
5b acid 
6 TC, 


| 


Fic. 7. Chromatogram of 25 per cent trichloroacetic acid-soluble peptides re- | evid 
leased by the action of pepsin on a-corticotropin. Solvent, BuOH-HOAc-H,0 | tomi 
(4:1:5). acti 


dige 


re- 


COLE, LI, HARRIS, AND PON 911 


water and applied to paper (Whatman No. 1) for chromatography in two 
dimensions with the solvent systems of Levy and Chung (9) in order to 
identify qualitatively the amino acids liberated by carboxypeptidase. The 
results of these experiments, summarized in Table III, indicate the occur- 
rence of the following peptides: Asp.Glu; Phe(Glu,Pro,Leu); Phe(Glu,Pro, 
Leu,Phe); Glu.Ala.Phe; Asp(Glu,Ala)Ser; and Ser(Ala,Glu,Phe). It may 
be noted that, as it was in the earlier experiment, free phenylalanine is 
again discovered in the pepsin digest of a-corticotropin. From these data, 
it is evident that additional experiments were required to arrange these 
peptide fragments into an unequivocal sequence. 


1! 2a 2b 3a 3b 4a 4b 50 56 6 7 
33 0% 
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Fic. 8. Chromatogram of ether-extractable DNP peptides derived from the pep- 
tide fractions represented in Fig. 8. The shaded spots represent dinitrophenol. 


Fractionation of DNP Derivatives of 25 Per Cent Trichloroacetic Acid- 
Soluble Fraction from Pepsin Digest after Preliminary Separation on Paper— 
150 mg. of a-corticotropin trichloroacetate and 2.4 mg. of pepsin were 
dissolved in 45 ml. of 0.01 m HCl and kept at 37° for 4 hours. After the 
whole digest had been heated to 100° for 2 minutes, it was put into an ice 
bath and mixed with an equal volume of 50 per cent aqueous trichloroacetic 
acid (TCA). After the solution had stood for 1 hour at 0°, the 25 per cent 
TCA precipitate? was removed by centrifugation. The supernatant fluid 


? Preliminary assay of the 25 per cent TCA precipitate obtained from a pepsin 
digest of a-corticotropin indicated that it possesses adrenocorticotropic activity, as 
evidenced by the increment of adrenal weight which it produces in hypophysec- 
tomized rats. The results of these studies, together with a report of the isolation of 
active peptide fragments, will be reported elsewhere. 
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was freed of TCA by repeated extraction with peroxide-free ether, and was 
then taken to dryness by lyophilization. The weight of the dried residue 
was found to be 22.5 mg.; this amount was dissolved in 0.1 ml. of water, 
A small aliquot containing about 0.2 mg. of the residue was applied to 
Whatman No. | filter paper as a spot, and the remaining solution was 


000080 @ 


t-Amyl Alcohol: i-Amyl Alcohol: 3 % NHs (aq) (2:1:3) 


Fic. 9. Chromatogram of ethyl acetate-extractable DNP peptides derived from 
the peptide fractions represented in Fig. 8. The shaded spots represent dinitro- 
phenol. 


applied as a band (0.5 X 5 cm.) close to the spot. The chromatogram was 
developed by the descending procedure in the BuOH-HOAc-H:20 (4:1:5) 
system. After being dried, the “spot” chromatogram, which was to serve 
as the guide strip, was cut out and sprayed with ninhydrin solution. The 
zones in the ‘“‘band”’ chromatogram corresponding to the spots on the guide 
strip (see Fig. 7) were cut out and eluted with 0.3 ml. of 5 per cent NaHCO. 
Each eluate was allowed to react with FDNB in the manner described by 
Porter (16). The DNP peptides from each zone were next separated into 
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two fractions, extractable in ether and ethyl acetate, respectively. Both 
fractions were then subjected to paper chromatography with tert-amy] alco- 


TaBLeE IV 
Analysis of Spots from Paper Chromatogram of Ether Extract 
Spot No.* N-Terminal residue Residual amino acids Probable sequence 
2a-1 Asp Glu, Ala Asp(Glu, Ala) 
2b-1 Asp Glu Asp.Glu 
2b-2 Glu Glu 
2b-3 Ser Ser 
3a-l Asp Glu Asp.Glu 
3a-2 Glu Glu 
3b-1 Glu Ala,Ser Glu(Ala, Ser) 
4a-1 Ser + Asp Glu ? 
4a-2 Ser Ser.Glu 
4a-3 Ser + Glu 6 ? 
4a-4 Ala Ala 
4b-1 Glu Ala, Phe Glu(Ala, Phe) 
4b-2 Ser Glu, Ala, Phe Ser (Glu, Ala, Phe) 
5a-1 Glu Phe Glu. Phe 
5a-2 Glu Ala, Phe Glu(Ala, Phe) 
5a-3 Phe Phe 
5b-1 Pro Leu, Glu Pro(Leu, Glu) 
6-1 Pro Leu, Glu Pro(Leu, Glu) 
7-2 Phe Pro, Leu, Glu Phe(Pro, Leu, Glu) 
7-3 Pro Leu, Glu, Phe Pro(Leu, Glu, Phe) 
* See Fig. 8 
TABLE V 
Analysis of Spots from Paper Chromatogram of Ethyl Acetate Extract 
Spot No.* N —— Residual amino acids Probable sequence 
1-1 Asp Glu, Ala,Ser Asp(Glu, Ala, Ser) 
2a-1 Asp Glu, Ala,Ser Asp(Glu, Ala, Ser) 
2b-1 Asp Glu, Ala,Ser Asp (Glu, Ala, Ser) 
2b-2 Ser Glu, Ala Ser (Glu, Ala) 
3a-1 Ser Glu, Ala Ser(Glu, Ala) 
8b-1 Glu Glu, Ala, Ser Glu (Ala, Ser, Glu) 
4a-1 Ser Glu, Ala Ser(Glu, Ala) 
4a-2 Ser Glu Ser.Glu 
* See Fig. 9. 


hol-isoamy] alcohol-3 per cent NH; (2:1:3) as the developing solvent; the 
chromatograms obtained appear in Figs. 8 and 9. Each of the spots in 
these chromatograms was cut out and eluted with 3 per cent NHs3. 
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eluate was transferred to a small Pyrex tube and dried over steam. The 
residue was dissolved in 1 ml. of 5.7 m HCl; the tube was sealed under a 
vacuum and kept at 110° for 16 hours. The DNP amino acids in the 
hydrolysate were identified by the procedure of Levy (7), whereas the 
amino acids in the aqueous phase were determined by one-dimensional 
chromatography on paper in the system BuOH-HOAc-H.20 (4:1:5). The 


results, summarized in Tables IV and V, indicate that most of the spots in ) 


Fig. 7 were reasonably pure, as evidenced by the occurrence of only one 
N-terminal amino acid. Thus the following peptides were identified: 
Asp.Glu; Asp(Glu,Ala); Asp(Glu,Ala)Ser; Glu(Ala,Ser); Ser.Glu; Ser(Glu, 
Ala); and Ser(Glu,Ala,Phe). 


DISCUSSION 


Previous work (1) has shown that the three C-terminal amino acid resi- 
dues in a-corticotropin occur in the sequence... Leu.Glu.Phe. Since 
a-corticotropin contains only 1 leucine residue (10), the peptides Pro, 
Leu.Glu, Pro(Leu,Glu)Phe, Phe(Pro,Leu,Glu,Phe), and Phe(Pro,Leu,Glu), 
obtained from the reaction of a-corticotropin with pepsin, must be derived 
from the carboxyl end of the molecule; furthermore, the leucine residue 
appearing in each of these peptides is clearly ascribable to a single position 
in the peptide chain. ‘The only arrangement which would accommodate 
all of the above peptides is Phe.Pro.Leu.Glu.Phe; hence this sequence is 
proposed for the carboxyl end of the chain. 

Of the 3 phenylalanine residues contained in a-corticotropin (10), 1 has 
been discovered near the amino end of the molecule (17), while the other 
2 are accounted for by the C-terminal sequence given above. More: 
over, the N-terminal portion of the peptide hormone was shown to re 
main intact under the conditions of pepsin digestion employed in the 
present work.’ — Hence, since the positions of all the phenylalanine residues 
are known, the phenylalanine present in the peptides Glu.Ala.Phe and 
Ser(Glu,Ala,Phe) must be derived from the 5th residue in the carboxyl! end. 
The formulation of the C-terminal sequence may then be extended as 
follows: ... Ser.Glu.Ala.Phe.Pro.Leu.Glu.Phe. The data in Table V did 
not entirely exclude the possibility of the existence of another alanine 
residue, intervening between the Ser and the Glu, in the sequence Ser. 
Ala.Glu. However, this possibility was eliminated when the peptide Ser. 
Glu was disclosed (‘Tables IV and V), since the only other serine residues 
in a-corticotropin had already been identified in the sequence Ser. Tyr.Ser. 
Met at the amino end of the peptide chain (17). With all the serines in 
the hormone molecule accounted for, the serine residue in the tetrapeptide 


7 Under some conditions pepsin attacks the amino end of corticotropins (White 
(18) and Li et al., unpublished) to a slight extent. 
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| Asp(Glu,Ala)Ser (Table III) must correspond to the serine in the C-termi- 


nal sequence formulated above. Further, the sequence of the tetrapeptide 
was established by the occurrence of Glu(Ala,Ser) (Table IV) as Asp.Glu. 
Ala.Ser. It may consequently be postulated that the carboxyl end of the 
hormone has the following sequence: .. . Asp.Glu.Ala.Ser.Glu.Ala.Phe.Pro. 
Leu.Glu.Phe. 

Every bond in this sequence was cleaved, with the possible exception of 
the linkage between the proline and leucine residues. Free amino acids, 
namely phenylalanine, glutamic acid, serine, and alanine, have been ob- 
tained in the hydrolysates; it should be pointed out that there was only 
one possible item of evidence for the presence of free aspartic acid as sug- 
gested in the analysis of the Spot 4a-1 (Fig. 8; Table IV). It is remarkable 
that pepsin digests this portion of the molecule so extensively without 
attacking the remainder of the chain. 

The C-terminal sequence formulated above for a-corticotropin (ovine) 
may be compared to that postulated for corticotropins prepared from por- 
cine pituitary glands (18, 19). The only difference (in this portion of the 
molecule) between the hormones of the two species appears to be an... 
Ala.Ser ... sequence in the ovine peptide in place of a... Leu.Ala .. . se- 
quence in the porcine peptide. Indeed, the only difference in amino acid 
composition between the peptide hormones isolated from ovine and por- 
cine glands appears to be one more serine and one less leucine in the former 
(19). 


SUMMARY 


When e-corticotropin was hydrolyzed with crystalline pepsin, it was 
found that, under the conditions of digestion, no detectable peptide frag- 
ments were released from the amino end of the peptide hormone. From 
the separation and identification of the peptides and their DNP deriva- 
tives by paper chromatography, the following C-terminal amino acid se- 
quence was proposed: Asp.Glu.Ala.Ser.Glu.Ala.Phe.Pro.Leu.Glu.Phe. It 
was noted that every peptide linkage in this sequence was hydrolyzed by 
pepsin except the one between the proline and the leucine residues. 


This work was supported in part by grants from the National Institutes 
of Health, United States Publie Health Service (No. G-2907), and Eli 
Lilly and Company. 
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THE UTILIZATION OF PURINES BY PURINELESS MUTANTS 
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By M. EARL BALIS, MARCUS 8S. BROOKE, GEORGE BOSWORTH BROWN, 
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(From the Laboratories of the Sloan-Kettering Division of Cornell University Medical 
College, New York, New York, and the Department of Bacteriology and Immunology, 
Harvard Medical School, Boston, Massachusetts) 


(Received for publication, September 8, 1955) 


Two purineless mutants of Aerobacter aerogenes have been described 
(1, 2), one of which, strain P-14, has a specific requirement for guanine or 
2,6-diaminopurine and excretes xanthosine into the medium. The other, 
strain PD-1, has a nutritional deficiency which is satisfied by adenine, 
guanine, hypoxanthine, or xanthine, but not by 2,6-diaminopurine. The 
latter compound, however, spares the requirement of the organism for 
adenine or guanine. These findings suggested that in strain P-14 the 
synthesis de novo of nucleic acid guanine, but not of nucleic acid adenine, is 
blocked. In contrast, strain PD-1 appears to be blocked in a step common 
to the biosynthesis of both nucleic acid adenine and nucleic acid guanine. 
Because of the known interconversions of purines in A. aerogenes (3) and 
other microorganisms (4), it is felt that nutritional studies alone do not 
provide sufficient proof for these contentions. Accordingly, incorporation 
studies with C-labeled compounds have been carried out. The results 
largely confirm the original interpretations and yield data which permit 
further speculation regarding the mechanisms of purine interconversion. 


EXPERIMENTAL 


Chemicals—Clycine-2-C™ was obtained from ‘Tracerlab, Inc. Adenine- 
was synthesized by cyclization of 5-formamido-4,6-diaminopyrimi- 
dine (5) and the guanine-8-C™ from 5-formamido-2 ,4-diamino-G-hydroxy- 
pyrimidine (6), ‘The 2,6-diamimopurine-2-C'™ was purchased from the 
Southern Research Tnatitute, 

Bacterra and Media—‘Vhree strains of A, aerogenea were used: strain 
an auxotrophic guanineless mutant; strain an auxotrophic purineless 
mutant; and the parent strain 1033 from which the two mutants had been 
obtained by ultraviolet irradiation (2). 

* This investigation was supported by funds from the National Cancer Institute, 
National Institutes of Health, Public Health Service (grant No. C-471), from the 
Atomie Energy Commission (contract No. AT(30-1)-910), and also in part by the 
William F. Milton Fund of Harvard University, by a research grant (No. G-3554) 
from the Division of Research Grants, United States Public Health Service, and 
by funds received from the Eugene Higgins Trust. 


917 


918 UTILIZATION OF PURINES 


The medium was the same as that already described but in addition 
contained 20 y of glycine per ml. The growth obtained was the same with 
or without glycine. The bacteriological methods used have been pre. 
viously described (2). 

In each experiment | liter of minimal medium containing the appropriate 
purine supplement was inoculated and incubated with shaking at 37° for 
18 hours. At the end of this time the cells were harvested by centrifuga. 
tion, and, in experiments with mutant P-14, the xanthosine i in the culture 
fluids was collected as described below. 

Isolation of Xanthosine—A modification of the previously published 
method was used (1). The bacteria were removed from the culture by 
centrifugation and the accumulation of ultraviolet-absorbing material was 
estimated spectrophotometrically. The culture filtrate was shaken in a 
flask with activated charcoal (Darco, grade G-60, about 1 gm. per liter of 
filtrate) until all the ultraviolet-absorbing material had been adsorbed. 
The supernatant fluid was removed by centrifugation and the charcoal 
deposit shaken with an aqueous solution containing 25 per cent ethanol 
and 10 per cent concentrated ammonium hydroxide. When all the ul- 
traviolet-absorbing material had been eluted, the supernatant fluid was 
evaporated, filtered through infusorial earth (Celite), and chilled overnight. 
The gummy material which sometimes separated was removed by centri- 
fugation, washed with several portions of hot water, and discarded; the 
supernatant fluid and the washings were evaporated to dryness in vacwo. 
A few drops of water were added to the residue, the mixture was chilled, 
and the white crystalline material collected by centrifugation, washed with 
water, ethanol, and ether, and dried in vacuo over P2Os. 

For radioactivity assay, samples of xanthosine were further purified by 
paper chromatography with isoamyl alcohol-5 per cent NaH,PQ, as sol- 
vent. The xanthosine was eluted with 4 ml. of 0.1 N NH,OH and assayed 
spectrophotometrically, and 1 ml. of the solution was plated on alumi- 
num planchets. The weight of salt was negligible. 

The xanthine was obtained by hydrolyzing some of the xanthosine with 
IN HCL at 95° for 30 minutes, ‘The solution was chromatographed with 
inopropanol-hydrochloric acid, and the xanthine spot eluted and plated in 
the same way as was the 

of Nucleic Aetd Purines ‘The cella were washed with cold tre 
chloroncetic acid, aleohol, and then ether, The washed cella were hy: 
drolyzed at 87° for 24 hours with of per 180 mg. of bae 
terin (7). ‘The degraded pentose nucleic neid (PNA) waa separated from 
the deoxypentose nucleic acid (DNA) by acidifieation with HCI, followed 
by the addition of 1.5 volumes of ethanol, The DNA was collected by 
centrifugation, ‘The individual purines were isolated, as has been pre- 
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viously described (8), by hydrolysis of the nucleic acids, precipitation of 
silver purines, regeneration of the purines as hydrochlorides, and separa- 
tion of the individual purines by paper chromatography. ‘The radioactivi- 
ties were determined as previously described (9); ‘‘infinitely” thin films on 
aluminum planchets were measured ina Geiger-Miiller flow counter (Radia- 
tion Counter Laboratories, mark 12, model 1, helium-isobutane gas). With 
the exception of those determinations which gave values of relative specific 
activities (RSA) of less than 1.0, all the planchets contained sufficient 
radioactivity to result in counts of at least twice the background, and the 


TABLE I 
Synthesis of Nucleic Acid Purines from Exogenous Purtines by A. aerogenes 1033 


RSA of isolated purines 
Amount PNA DNA 
added 
A G Ps a A G 
mg. per l. 

1 G 4 4 20 5.0 3 14 
2 wis 12 13 60 4.6 8 31 
3 A 4 16 7 2.3 9 a 
4 sé 12 41 22 1.9 23 13 
5 DAP 12 4 24 6.0 6 25 


A, adenine; G, guanine; DAP, 2,6-diaminopurine. 


activities were determined to within standard errors of 5 percent (10). Ac- 
tivities are reported as relative specific activity. 


c.p.m. per mole isolated compound 


RSA = 
‘ ¢.p.m. per mole proffered compound 


Results 


Wild Strain—The ability of the wild strain to utilize exogenous purine 
bases for the synthesis of nucleic acid purines was determined, ‘this or- 
gninm is able to derive both of its nucleie acid purines from adenine, guna- 
ine, or diaminopurine (Table 1), [tia however, restreted i ite ability 
lo interconvert thene purines, The imterconversion ration (Pable sixth 
seventh columns) reveal adenine aaa better precursor of nucle acid 
guanine (han ia guanine of nucleic acid adenine, An inerensed supply of 
mogenous purines led to a proportional increase in the amount of imeor- 
poration but did not appreciably affect the extent of interconversion. “The 
incorporation of diaminopurine (Experiment 5) was similar in pattern to 
that of guanine but only one-third as extensive; it was equal to the ineor- 
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poration observed when the guanine concentration was one-third that of 
the diaminopurine. The general pattern of incorporation into PNA and 
DNA was the same, but less exogenous adenine or guanine was incorpo- 


TABLE Il 
Incorporation of Purines by Mutant PD-1 
Supplement added, mg. per liter Isolated sere aa from 
G | Glycine | PNA | DNA | DAP| A G De novo 
6 8 20 A 90 
G 80 
A 76 
G 69 
7 8 20 A 96 4 
G 85 16 
A 95 6 
G 84 16 
St 8 20 A 96 4 
G 82 18 
A 
G 
9 8 20 A 100 
G 100 
A 90 
G 94 
10 4 4 20 A 79 
G 18 
A 66 
G 17 
11 4 4 20 A 11 
G 34 
A 12° 
G 41 


A, adenine; G, guanine; DAP, 2,6-diaminopurine. The labeled compound is in 
bold-faced type. 

* The RSA value for glycine was considered equal to synthesis de novo; see Table 
III. The italic figures represent RSA; the figures in roman type represent the calcu- 
lated difference. 

t Bacteria harvested at the end of 8 hours. 


rated into DNA than into PNA. Diaminopurine on the other hand was 
an equally good precursor of DNA and PNA purines. 

Strain PD-1--In this strain the nucleic acid purines are derived almost 
completely from the exogenous purine bases (Table ID). However, synthe: 
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sis de novo of purines is not entirely lacking. When adenine is the source 
of purine, about 5 per cent of the nucleic acid adenine and 15 per cent of 
nucleic acid guanine are derived from small precursors (Experiments 7 and 
8). With guanine as the exogenous purine source, no synthesis de novo of 
PNA purines and little synthesis of DNA purines were observed (Experi- 
ment 9). When adenine and guanine were both added to the medium, 
each purine was used with relatively little interconversion, as might have 
been expected from the results with the parent strain (Experiment 10). 


TABLE III 
Incorporation of Purines by A. aerogenes P-14 
RSA of isolated purines 
Experiment No.} Purine added* Amount PNA DNA 
A G A G 
mg. per l 
12 G 4 60 1 55 1 
13 = 12 46 1 39 1 
14 G 4 38 97 35 89 
15 A 0.5 17 0 18 0 
G 4 
16 DAP 12 8 95 7 81 
17 AT 2 4 0.3 5 0.3 
G 6 


A, adenine; G, guanine; DAP, 2,6-diaminopurine. 

* Purine in bold-faced type was labeled; if no purine is so indicated, the glycine 
in the medium was labeled. 

t The adenine was added when growth was almost completely ended. 


Although diaminopurine alone cannot support the growth of this mutant, 
it is incorporated into both nucleic acid purines as shown in Experiment 
11, where both guanine and diaminopurine were present in the medium. 
However, under these conditions guanine is much superior to diaminopurine 
as a source of nucleic acid adenine and somewhat superior as a source of 
nucleic acid guanine. 

Strain P-14—This guanineless mutant depends for its nucleic acid 
guanine entirely on the guanine (‘Table III, Experiments 12 to 15) or dia- 
minopurine (Experiment 16) supplied in the medium. — It is neither capable 
of carrying out the synthesis de novo of nucleic acid guanine (Experiments 
12 and 13) nor of converting exogenous adenine to nucleic acid guanine 
(Experiment 15). On the other hand, the experiments in which labeled 
glycine was supplied (Experiments 12 and 13) show clearly that the or- 
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ganism is able to produce a large portion of its nucleic acid adenine by syn- 
thesis de novo.! Nucleic acid adenine can also be obtained from exogenous 
adenine (Experiment 15), guanine (Experiment 14), or diaminopurine (Ex- 
periment 16). The poor utilization of the latter for the synthesis of nucleic 
acid adenine is in good agreement with the observations made on the other 
two strains. 

In Experiments 12 to 17 the xanthosine, which accumulates after the 
cessation of growth, was isolated from the supernatant fluids of the cul- 
tures, and the labeling in the xanthosine and xanthine (and by difference, 
the ribose) determined (Table IV). It will be noted that glycine, but not 
guanine or diaminopurine, is incorporated into the purine moiety of xan- 
thosine. No labeling was found in the ribose.’ 

The result of Experiment 15 fails to show any conversion of adenine to 
the purine moiety of xanthosine; however, the small amount of adenine 
(0.5 y per ml.) supplied had presumably been removed from the culture 
medium by incorporation into nucleic acid adenine before xanthosine 
began to be formed. Since it was not possible to increase the concen- 
tration of adenine in the culture medium because of its inhibitory effect on 
the growth of strain P-14, the following experiment (Table IV, Experiment 
17) was carried out. 

Strain P-14 was grown for 18 hours in 1 liter of minimal medium con- 
taining 12 y of guanine per ml. The culture was centrifuged and the 
bacteria were transferred to 1 liter of minimal medium containing 6 7 of 
guanine per ml. Growth was followed turbidimetrically and, when it had 
ceased after 7.5 hours, 2 mg. (13.3 umoles) of labeled adenine were added 
to what was then a suspension of resting cells. After a further period of 
4 hours the optical density of the culture was measured, the experiment 
terminated, and the xanthosine isolated. During this 4 hour period no 
growth had occurred, but 154 wmoles of xanthosine had been formed, as 


1 It should be borne in mind that the results in Experiment 12 are not necessarily 
numerically equal to the per cent of the isolated compounds synthesized de novo, 
since the methylene carbon of glycine can serve as a precursor of positions 2 and 8 
of the purine ring, as well as of position 5. There is also a trend in the opposite direc- 
tion due to the possible dilution of the labeled glycine by endogenous sources. That 
the values are close to the actual per cent synthesized de novo is indicated by the fact 
that the results in Experiment 12 plus Experiment 14 add to approximately 100. 

2 The production of a large quantity of xanthosine makes this organism an ex- 
cellent tool for the study of ribose synthesis. The fact that the activity of the xan- 
thosine resided entirely in the purine moiety when labeled glycine was the precursor 
gives some slight information regarding routes of ribose synthesis in this organism. 
Some radioactivity from the methylene carbon of the glycine would, presumably, 
have been incorporated into the ribose if it were being synthesized from small mole- 
cules. The fact that the ribose contains no label is in agreement with the concept of 
a more direct synthesis from glucose. 
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shown by spectrophotometric examination of the supernatant fluid. If 
all the labeled adenine (13.3 umoles) had been incorporated into this 
amount of xanthosine (154 uwmoles), a relative specific activity of 8.6 = 
(13.3/154) X 100 should have been obtained. Analysis of the isolated 
xanthosine gave an RSA of 10, indicating that the bulk of the adenine 
added, subsequently to the cessation of growth, was used for the formation 
of the purine moiety of xanthosine. Thus, the same precursors which 
could serve for the synthesis of nucleic acid adenine are precursors of the 
purine moiety of xanthosine. 


TaBLeE 1V 
Synthesis of Xanthosine by Mutant P-14 
RSA 
Experiment No. Purine added* Amount 
Xanthosine Xanthine 
mg. perl 
12 G 4 34 36 
13 om 12 32 34 
14 G 4 1 1 
15 A 0.5 1 1 
G 4 
16 DAP 12 1 1 
. At 2 10 10 
G 6 


A, adenine; G, guanine; DAP, 2,6-diaminopurine. 

* The purine in bold-faced type was labeled; if no purine is so indicated, the gly- 
cine in the medium was labeled. 

t The adenine was added when growth was almost completely ended. 


DISCUSSION 


The studies with isotopically labeled precursors which are presented in 
this paper confirm the two principal conclusions drawn from the previous 
nutritional investigations (1, 2). First, the mutation which led to strain 
PD-1 so greatly depresses the biosynthesis of the purine ring that growth 
can no longer occur. Second, the mutation which led to strain P-14 does 
not affect the synthesis de novo of nucleic acid adenine, but prevents the 
synthesis de novo of nucleic acid guanine, as well as the conversion of exog- 
enous adenine to nucleic acid guanine. Xanthosine, which accumulates 
in culture fluids of strain P-14, is derived from the same precursors, glycine 
and exogenous adenine, as nucleic acid adenine. 

In addition, the tracer studies have shown that strain P-14 retains the 
ability to convert exogenous guanine to nucleic acid adenine, although in 
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consequence of the mutation the organism has lost the ability to convert 
into nucleic acid guanine an intermediate which is normally a precursor of 
both nucleic acid purines. The failure of this organism to convert exog- 
enous adenine to nucleic acid guanine must be a result of the same block 


(2) and indicates that the conversion of adenine to guanine follows in part | 


the same path as the synthesis de novo. Therefore, another separate path- 
way must exist by which exogenous guanine can be converted to nucleic 
acid adenine.* These results would seem to suggest that the parent strain 
has the choice of alternative pathways for the synthesis of nucleic acid 
adenine, one via synthesis de novo and one from 2,6-disubstituted purines, 
However, there is no evidence that the pathway by which guanine is con- 
verted to adenine in strain P-14 can function in the absence of exogenous 
guanine.‘ 

The tracer experiments offer in addition an explanation for the earlier 
observation that diaminopurine alone can support the growth of mutant 
P-14 but not that of mutant PD-1. The pattern of incorporation of dia- 
minopurine into DNA and PNA fractions of the wild strain is very much 
like that of guanine; however, it is incorporated only one-third as efficiently 
as the latter. Exogenous adenine and guanine are incorporated more ex- 
tensively into PNA than into DNA, whereas exogenous diaminopurine is 
used to an equal extent for both nucleic acids. These observations are 
consistent with the reports that the ratio of PNA to DNA is high during 
logarithmic growth (12) but decreases towards the end of this phase. 
Since exogenous adenine and guanine are readily utilized by the growing 
culture, they would be removed from the medium relatively early in growth, 
and thus they would reachthe PNA more than the DNA. Diaminopurine, 
on the other hand, being less readily utilized, remains in the medium until 
the later part of the log phase and therefore serves to the same extent as 
a precursor of both DNA and PNA. The pattern of incorporation of 
diaminopurine into the nucleic acids of strain PD-1 grown on a mixture of 
diaminopurine and guanine is the same as that found in the wild strain. 
It would therefore seem that the mutation has not altered the pathways of 
utilization of diaminopurine. The explanation for the inability of dia- 
minopurine to support the growth of mutant PD-1 indicates the existence 
of a threshold requirement for adenine which diaminopurine fails to meet. 
Mutant P-14, on the other hand, which is fully capable of synthesizing 


3’ If mutations ultimately manifest themselves in alterations in enzymes they can 
affect the rate of reaction but not the equilibrium, since catalysts cannot shift the 
point of equilibrium. Therefore it is unlikely that the interconversion of adenine 
and guanine by the same pathway is blocked in one direction and not in the other. 

‘The pitfalls of equating the results obtained with exogenous and endogenous 
compounds are described by Davis (11). 
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adequate adenine de novo, can grow on diaminopurine, which then need 
serve only to supply nucleic acid guanine. A threshold requirement for 
adenine has also been postulated in Lactobacillus casei (9).° 

The hypothesis of a threshold requirement for adenine is consonant with 
the observation that mutant PD-1, although unable to grow in the absence 
of exogenous purine, is none the less able, in the presence of adenine, tosyn- 
thesize some purine de novo. A similar finding has been reported by Ab- 
rams in a purineless mutant of Saccharomyces cerevisiae (13). The de- 
creased ability to synthesize purines de novo does not result in less growth, 
but rather in no growth at all. This finding is somewhat different from 
that which was made in L. caset, where it was found that substances which 
were poor precursors of nucleic acid purines permitted limited growth (14). 
That a situation does exist in which it is possible for the cells to have a 
reduced ability to carry out an anabolic step, and as a result of this to be 
completely unable to grow, is a source of optimism when the problem is 
considered of finding agents capable of exhibiting differential toxicity 
towards various tissues in an animal. If the threshold level of a growth 
factor should be different for cells of different tissues, it is conceivable that 
it should be possible to inhibit completely the growth of some tissues but 
at the same time to produce only a minimal reduction in the rate of growth 
of others. 


SUMMARY 


The incorporation of glycine and of purines into the nucleic acids of 
Aerobacter aerogenes strain 1033 and of two purineless mutants derived 
from it was studied by means of radioactive tracers with the following 
results. 

1. The parent strain can synthesize both nucleic acid purines from either 
adenine or guanine but preferentially utilizes each base for the synthesis 
of the corresponding nucleic acid purine. The incorporation of 2,6-dia- 


5 These results differ from those obtained with ZL. caset which showed that 2,6- 
diaminopurine inhibited the utilization of adenine. It was suggested that diamino- 
purine interfered with some function of adenine other than that of serving as a nu- 
cleic acid precursor. Support of this hypothesis was found in the fact that, if L. 
caset was grown for a period on adenine, and diaminopurine was then added, full 
growth was obtained. This was interpreted as being due to the complete fulfilment 
of the non-nucleic acid function in early growth. However, with A. aerogenes PD-1, 
growing the organism on a small amount of adenine alone for 2, 4, or 6 hours before 
adding the diaminopurine did not enhance growth beyond that obtained with simul- 
taneous addition, and hence leads to the conclusion that with A. aerogenes the early 
purine requirement for a non-nucleic acid or coenzyme function postulated with L. 
casei does not exist. 
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minopurine is similar in pattern to that of guanine but only one-third ag 
extensive. 

2. In mutant PD-1, which requires either adenine or guanine for growth, 
the bulk of both nucleic acid purines is derived from the exogenous sup- 
plement, but synthesis de novo is not entirely lacking. The inability of 


2,6-diaminopurine to serve as the sole source of purine for this organism | 
is explained by its inefficient conversion to nucleic acid purines, especially ) 


to nucleic acid adenine. 


3. In mutant P-14, which requires either guanine or 2,6-diaminopurine | 


for growth, nucleic acid guanine is derived almost exclusively from these 
purines. The organism can use small precursors or exogenous adenine 


for the biosynthesis of nucleic acid adenine, but not of nucleic acid gua- | 
nine; it is, however, able to convert exogenous guanine to nucleic acid /} 


adenine. Xanthosine, which accumulates in culture fluids of this mutant, 
is derived from the same precursors as nucleic acid adenine. 


These results confirm and extend the conclusions drawn from earlier | 
nutritional studies. These observations and those of earlier nutritional | 


studies elucidate some aspects of the interconversion of the purine moiety 
in nucleic acid synthesis. 


BIBLIOGRAPHY 


. Magasanik, B., and Brooke, M.S., J. Biol. Chem., 206, 83 (1954). 
. Brooke, M.S., and Magasanik, B., J. Bact., 68, 727 (1954). 
. Hamilton, L., Brown, G. B., and Stock, C. C., J. Clin. Invest., 31, 636 (1952). 
. Brown, G. B., and Roll, P. M., in Chargaff, E., and Davidson, J. N., The nucleic 
acids, New York, 2, 341 (1955). 
5. Clark, V. M., and Kalckar, H. M., J. Chem. Soc., 1029 (1950). 
6. Balis, M. E., Brown, G. B., Elion, G. B., Hitchings, G. H., and VanderWerff, H., 
J. Biol. Chem., 188, 217 (1951). 
7. Schmidt, G., and Thannhauser, S. J., J. Biol. Chem., 161, 83 (1945). 
8. Balis, M. E., Levin, D. H., and Luzzati, D., J. Biol. Chem., 216, 9 (1955). 
9. Balis, M. E., Levin, D. H., Brown, G. B., Elion, G. B., VanderWerff, H., and 
Hitchings, G. H., J. Biol. Chem., 196, 729 (1952). 
10. Loevinger, R., and Berman, M., Nucleonics, 9, No. 1, 26 (1951). 
11. Davis, B. D., Advances in Enzymol., 16, 247 (1955). 
12. Morse, M. L., and Carter, C. E., J. Bact., 58, 317 (1949). 
13. Abrams, R., J. Am. Chem. Soc., 73, 1888 (1951). 
14. Balis, M. E., Levin, D. H., Brown, G. B., Elion, G. B., VanderWerff, H., and 
Hitchings, G. H., J. Biol. Chem., 199, 227 (1952). 


cul 


| 
| 
| 
1 
Sl 
p! 
re 
| 
et 
tl 
SO 
pl 
b 
p 
Wl 
in 
T 
(4 
OD 
or 
Ly 


cleic 


and 


and 


— 


PROTECTION OF CHOLINESTERASE BY ETHANOL 
AGAINST INHIBITION BY ORGANOPHOSPHATES 
IN VITRO* 


By R. D. O’BRIEN 


(From the Science Service Laboratory, University Sub Post Office, 
London, Canada) 


(Received for publication, February 21, 1955) 


Because many of the organophosphates used as anticholinesterases are 
insoluble in water, it is usual to dissolve them in water-miscible organic 
solvents in order to study their inhibition of the enzyme both in vitro and 
in vivo. Ethanol is commonly used for this purpose (1, 2), and, because 
it is an inhibitor of the enzyme, the control samples are treated with a 
similar level of the solvent. The extent of inhibition by the organophos- 
phate is then obtained by reference to the alcohol-treated control, and the 
results are considered as corrected for the presence of alcohol and there- 
fore comparable with results for water-soluble inhibitors obtained in 
ethanol-free solutions. In order to determine the validity of this assump- 
tion, experiments were carried out with several water-soluble ofgano- 
phosphates both with and without ethanol, and it was found that the 
solvent interferes strongly with the inhibition process. 


Methods 


Diluted human plasma was used as the source of serum cholinesterase 
and assayed by the Warburg manometric procedure. 1 ml. of the diluted 
plasma was added to 1 ml. of a bicarbonate-Ringer solution (3), followed 
by 0.25 ml. of an aqueous solution of the inhibitor and 0.5 ml. of the ap- 
propriate ethanol solution. The substrate, 0.2 ml. of 5 per cent acetyl- 
choline bromide, was placed in the side arm, and the flasks were gassed 
with 5 per cent carbon dioxide in nitrogen, giving a final pH of 7.4. The 
incubation prior to tipping was 90 minutes; the temperature was 25°. 
The results were calculated by the method of Aldridge, Berry, and Davies 
(4). 

The results are expressed either as ‘‘total inhibition,” by referring the 
observed activity to that of the ethanol-free and phosphate-free enzyme, 
or as “corrected inhibition,” by referring the activity to that of the en- 
zyme containing the appropriate level of ethanol. 

The ethanol concentrations given are the final concentrations in the 


* Contribution No. 47, Science Service Laboratory, Canada Department of Agri- 
culture, London, Ontario, Canada. 
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system under study during the incubation phase, 7.e. before tipping in | 
acetylcholine, Acetylcholine bromide was purified by precipitating an 
ethanolic solution of the Mastman Kodak product with ether. ‘Tetra. 
ethyl pyrophosphate! was prepared in this laboratory (5) at approximately 
05 per cent purity. Unsymmetrical diethylbis(dimethylamido) pyro. 
phosphate was provided by the Chemagro Corporation with the code No, 
(unstated purity), N,N diisopropyldiamidofluorophosphate was.) 
obtained from Pest Control, Ltd., 90 per cent pure, and dimethyl 22,2. 
trichloro-l-hydroxyethyl phosphonate was recrystallized from a benzene- 


z 
° 
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Fig. 1 Fig. 2 


Fiac. 1. The inhibition of serum cholinesterase (ChE) by ethanol. 


Fig. 2. The effect of ethanol upon the corrected inhibition of serum cholinesterase ah 
by tetraethyl pyrophosphate at pI 8.7 (bottom line), 8.4 (middle line), and 7.9 (top 17. 
line). 

Pre 


petroleum ether solution of the Chemagro product. Octamethylpyro- - 
phosphoramide was provided as a 70 per cent preparation by the Monsanto | 18.! 
Chemical Company and the purified sample was prepared from it (6). 
Inhibitor concentrations are expressed in terms of pI, the negative loga- 
rithm of the final molar concentration. 


1 The following terminology is used in this paper: tetraethyl pyrophosphate, di- 
ethyl phosphoric anhydride ((EtO)2P(O)OP(O)(OEt)2); unsymmetrical diethylbis- 17.2 
(dimethylamido) pyrophosphate ((EtO)2P(O)OP(O)(N(CHs3)2)2); N, N’-diisopropyl- 
diamidofluorophosphate, diisopropylphosphorodiamidic fluoride ((isoPrNH)2P(O})F); | 
O0,O-dimethyl 2,2,2-trichloro-1-hydroxyethyl phosphonate, Dipterex ((Me0):- 
P(O)CH(OH)CCI1;); octamethylpyrophosphoramide, schradan, tetramethylphos- 
phorodiamidie anhydride ((Me2N)P(O)OP(O)(NMez)); O-isopropyl methyl fluoro-f 
phosphonate, 0-isopropylmethylfluorophosphine oxide, O-isopropylmethylphosphoric I 
fluoride ((isoPrO)MeP(O)F). eth: 
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Fig. | presents the effect of various concentrations of ethanol upon cho- 


linesterase, 


e 
ae BO} 
2 
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% ETHANOL 


At the concentrations commonly used in organophosphate 


Fig. 3. Reduction by ethanol of the total inhibition produced by tetraethyl 
pyrophosphate at pI 8.75. 


TABLE I 


Effect of Solvents upon Cholinesterase Inhibition by Various Organophosphates 


Solvent present 


Cholin- 
esterase 
Solvent Inhibitor Inhibi- Inhibi- 
free) tion (cor- 
(total) rected) 
per cent |per cent | per cent 
17.2% ethanol Octamethylpyrophosphoramide 1.50 94 87 62 
(crude) 2.02 93 72 46 
2.50 92 63 28 
2.80 47 52 14 
Octamethylpyrophosphoramide 1.20 53 60 52 
(pure) 1.80 29 51 41 
17.2% N,N’ -Diisopropyldiamidofluoro- 3.50 90 78 56 
phosphate (Sample A) 4.00 88 66 32 
Propylene gly- | N,N’-Diisopropyldiamidofluoro- 3.96 96 91 89 
col phosphate (Sample B) 4.46 95 62 55 
18.2% ethanol Dimethyl 2,2,2-trichloro-l-hy- | 5.70 96 80 59 
droxyethyl phosphonate 6.04 59 64 24 
6.20 27 54 4 
18.2% * Dimethyl 2,2,2-trichloro-l-hy- | 5.70 37 13 10 
droxyethyl phosphonate (solu- | 6.10 31 8 2 
tion stored 1 day at 3°) 
17.2% a Unsymmetrical diethylbis(dimeth- | 5.0 47 64 38 
ylamido) pyrophosphate 8.0 8 43 3 


studies a pronounced inhibition to the extent of about 40 per cent is ob- 


served. 


Fig. 2 shows how the corrected inhibition of cholinesterase by tetra- 


ethyl pyrophosphate varies with the concentration of ethanol. 
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be noted that at the highest inhibitor concentration the presence of 17 per 
cent ethanol gives a ‘“‘corrected”’ inhibition of 70 per cent compared to 85 
per cent in the ethanol-free system. This protective effect of ethanol is 
even more evident if at high concentrations of the phosphate the total 
inhibitions are plotted. This is done in Fig. 3. The strength of this pro- 
tective effect is maximal at about 13 per cent ethanol. Fig. 1 shows that 
this concentration inhibits cholinesterase 36 per cent by itself, and yet 
when added to a cholinesterase system containing enough tetraethyl pyro- 
phosphate to inhibit the enzyme 87 per cent in the absence of ethanol (Fig. 
3), an over-all inhibition of only 72 per cent is observed (ig. 3), presenting 
the anomaly that two inhibitors at once are less effective than one by it- 
self. That this protective effect is not only observed with highly active 
anticholinesterases is shown in ‘Table LL, where results obtained with various 
organophosphates are presented, A single exception is found for low levels 
of the extremely ineffective inhibitor octamethylpyrophosphoramide in its 
pure form. Methanol and propylene glycol, which would be obvious sub- 
stitutes for ethanol, also give a protective effect. In general it may be 
said that, with most types of organophosphates, the presence of the solvent 
gives a lowered corrected inhibition, and at phosphate levels which give 
large per cent inhibitions the solvent may give a lowered total inhibition, 


DISCUSSION 


Fig. 1 is of some interest in itself in that the inhibitory effect of ethanol 
upon cholinesterase has only been qualitatively described (7-9), although 
the effect of several less common alcohols has been thoroughly investigated 
(10). 

The results show that if cholinesterase inhibitors are used in ethanol 
solution, and a similar concentration is used in the control, too low an es- 
timate of the effectiveness of the inhibitor will be obtained. This may be 
of special importance when results obtained in this way are compared with 
those obtained for water-soluble inhibitors in alcohol-free systems. Pos- 
sibly a better comparison would be made if alcohol were included in both 
eases. <A similar finding was reported recently by Berry et al. (11) showing 
that propanol had a protective effect against O-isopropyl methyl fluoro- 
phosphonate. One would expect a smaller value for ‘‘corrected inhibition” 
if, as seems reasonable, the alcohol eliminated some active centers on the 
enzyme but there remained on the inhibited enzyme molecules a number 
of phosphorylatable groups, which would compete with the remaining 
active sites for phosphorylation. However, unless alcohol inhibition ac- 
tually increased the number of phosphorylatable groups, it is difficult to 
account for the observed lowering of ‘‘total inhibition” in some cases. 

The remaining possibility is that ethanol protects the active centers 
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directly (presumably as far as the organophosphates are concerned, the 
esteratic sites) by some relatively weak combination with them. Since 
(a) the incubation period was terminated by ‘‘flooding” the system with 
an excess of acetylcholine and (b) the affinities of organophosphates for 
the enzyme are much smaller than that of the substrate (8), it is reason- 
able to suggest an alcohol effect strong enough to inhibit phosphorylation 
yet relatively ineffective against substrate hydrolysis. An electropositive 
center in the ethanol would be required for such a complex; the polarity 
of the molecule suggests that the electrophilic hydroxy! group induces such 
a center. 


The author is indebted to Dr. Ik. Y. Spencer for the purifications de- 
seribed in the paper, to Dr. J. R. Robinson for providing the tetraethyl 
pyrophosphate, and to Miss Bitene and Mr. J. Walton for techni. 
cal assistance, 


SUMMARY 


1. The inhibitory effect of ethanol upon serum cholinesterase has been 
examined, 

2. Ethanol protects cholinesterase from inhibition by a variety of or- 
ganophosphates. The protection is greatest with high concentrations of 
the phosphate. 

3. A similar protection is found with methanol and propylene glycol. 

4. The mechanism of the protection is discussed. 
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SYNTHESIS OF SUCCINATE FROM PROPIONATE AND 
BICARBONATE BY SOLUBLE ENZYMES FROM 
LIVER MITOCHONDRIA* 


By HENRY A. LARDY ano JULIUS ADLERf 


(From the Department of Biochemistry and the Institute for Enzyme Research, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, July 22, 1955) 


Propionic acid has long been known (1, 2) to be a glycogenic substance 
in animals, but the pathway by which it is converted to intermediates of 
carbohydrate metabolism has remained obscure. Lorber et al. (3) demon- 
strated that the a- and B-carbon atoms of propionate are randomized com- 
pletely before incorporation into liver glycogen, while those of lactate are 
not (4). In liver slices, complete randomization of the a- and B-carbon 
atoms of propionate occurs during the formation of lactate (5) and acetate 
(6). ‘Therefore the postulated direct’ oxidation by animal tissue of pro- 
pionate, through acrylate and lactate, to pyruvate (7, 8) does not appear 
to occur to any appreciable extent in the intact animal or in surviving liver. 
It has been postulated (3, 5, 6) either that propionate is converted to a 
symmetrical 4-carbon acid by CO, fixation or that the pyruvate, which 
might be *produced by direct. oxidation, is rapidly equilibrated with an 
unknown symmetrical intermediate. 

Succinate is decarboxylated to propionate and CO, by Propionibacteria 
and related bacteria (9-11), and the reverse reaction may account for the 
incorporation of COs into succinate by these organisms (12) and for the 
photosynthetic production of succinate from propionate and CO, by Chloro- 
bium thiosulphatophilum (13). In the present study, which was undertaken 
to test what at that time was a logical but hypothetical pathway for pro- 
pionate metabolism (14), the direct conversion of propionate to succinate 
by CO, fixation has been demonstrated with soluble enzymes from mam- 
malian liver. Certain aspects of the work have been reported elsewhere 
(14-16), while the following paper (17) describes the occurrence of this 
reaction in intact mitochondria. 


EXPERIMENTAL 


Acetone-desiccated rat or beef liver mitochondria, and aqueous extracts 
thereof, were prepared as described previously (18). The extracts, usually 


* Supported by grants from the Nutrition Foundation, Inc., and from the National 
Institute of Arthritis and Metabolic Diseases (No. A-531), National Institutes of 
Health, Public Health Service. 

t National Science Foundation Predoctoral Fellow. 
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prepared with 0.05 m Tris! buffer, pH 7.4, were centrifuged at 18,000 x g 
for 30 minutes, and the clear supernatant fluid was retained. In preli- 
minary experiments, 0.2 to 0.4 ml. of the enzyme solution was incubated, 
usually for 20 minutes, at 20° under N2 with 20 umoles of K propionate, 
1.2 umoles of ATP, 1.5 uwmoles of MgSO, or MnSOQ,, 1.5 umoles of HC“O;, 
and 30 umoles of Tris buffer, pH 7.4, in a total volume of 1 ml. The 
reaction was stopped by adding 0.2 ml. of 9 N H.SO,. After heating in a 
boiling water bath for 5 minutes to facilitate removal of denatured pro- 
tein, any remaining C'Q, was swept out by addition of particles of solid 
CO,.. The protein was removed by centrifuging and washed once. The 
combined supernatant liquid and washings were continually extracted with 
ether for 18 hours. The solvent was evaporated, and the invisible residue 
was taken up in alcohol for plating in preparation for radioactivity meas- 
urements. For some of the studies conducted after it had been established 
that virtually all of the radioactivity fixed was in succinic acid, counts 
were made on aliquots of the C“Q.-free reaction mixture. 

Propionyl CoA was prepared by the method of Simon and Shemin (19), 


Results 


Aqueous extracts of acetone-dried liver mitochondria of the rat, ox, 
pigeon, and guinea pig were found to effect a rapid incorporation of CO, 
into the non-volatile acid fraction when ATP, propionate, and a divalent 
cation were present (‘Table I, System A). 

The reaction rate was enhanced by additions of coenzyme A, and a 
nearly absolute requirement for this coenzyme could be demonstrated by 
aging (20) the preparation at 24° (Fig. 1) or by treating the fresh extract 
with Dowex 1 (21). With fresh preparations of enzyme, propionyl CoA 
was 2 to4 times more effective than propionate; however, it was only slightly 
more effective than propionate plus CoA. With propionyl CoA as the 
substrate (System B, Table I), the same reaction components were re- 
quired. It is noteworthy that ATP was required when propionyl CoA 
was used, indicating an energy requirement for the CO,-fixing process in 
addition to that for propionate activation. A slight but reproducible 
fixation of radioactivity occurred when the enzyme was incubated at pH 
7.4 with HC“O;-, ATP, and CoA. The propionate carboxylation pro- 
ceeded equally well aerobically or anaerobically. 

The reaction could not be demonstrated in whole mitochondria (17) 
from rat kidney or pigeon liver, but extracts of acetone powders of each of 
these types of mitochondria were approximately as active as extracts of 
rat liver mitochondria. As shown in Table II, the necessary combina- 


1 The following abbreviations are used: Tris, tris(hydroxymethyl)aminomethane; 
ATP, adenosine triphosphate; CoA, coenzyme A. 
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tion of enzymes appears to be confined to the mitochondrial fraction of a 
sucrose homogenate of rat liver. The small amount of C™ fixed by the 
nuclear fraction may be the result of the presence of some mitochondria, 
since the nuclear fraction was washed only twice. 


TABLE 
Fixation of HC'*O;- in Presence of Propionate 


CHO: fixed 
Conditions 
System A System B Added C* fixed 

c.p.m. c.p.m. KX 10-2 per cent 
Propionate instead of propionyl CoA....... 1190 9 


System A, as described under “‘Iixperimental.’? The complete system fixed ap- 
proximately 10 per cent of the counts added; incubated 30 minutes at 20°. System 
B contained, per ml., 2 umoles of bicarbonate with a higher C'™ concentration, 7 
pmoles of MgCl2, 6 umoles of ATP, 25 umoles of Tris buffer, pH 8.5, propionyl CoA, 
and enzyme; incubation 20 minutes at 37°. A different enzyme preparation was 
used in cack of the two experiments. 


O 5S 1.0 1.5 3 
MOLARITY OF CoA x 10 


Fic. 1. Dependency of propionate carboxylation on CoA in aged preparation; 
extract aged 3.5 hours at 24°, then 3.5 hours at 1°; components as in System B, Table 
I. 


The reaction rate was proportional to the amount of enzyme added up 
to 0.4 ml. (incubation time, 10 minutes at 37°); it decreased slightly with 
0.7 ml. With propionate as substrate, the pH optimum for HC“O;- 
fixation by beef and rat mitochondrial extracts was between 6.5 and 7.5. 
With propionyl CoA as substrate, the optimum was shifted to pH 7.25 to 
8.75; the rate of the reaction dropped sharply above and below this range. 
The data of Table III demonstrate the high degree of specificity for pro- 
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pionate. The minute amounts of C™ fixed in the presence of butyrate, 
a-chloropropionate, and a-methylbutyrate might have resulted from traces 
of propionate in these samples. Methylbutyrate may have given rise to a 
small amount of propionate by oxidation (17). The apparent K,, for 
propionate was found to be about 0.003 M. 


TaBLeE II 

Propionate Carboxrylation System in Extracts of Cell Fractions 

Liver fraction* CO; fixed 
C.p.m. 
743 


Reaction mixture as described under ‘“‘Experimental.’’ 1.5 umoles of Mn**; in- 


cubated 15 minutes at 20°. 

* An aqueous extract of 10 mg. of acetone powder was used in each case. 

t Since sucrose would have interfered with the acetone precipitation of the super- 
natant fraction, the latter was prepared from a homogenate prepared in 0.15 m KCl. 


TABLE III 
Substrate Specificity of Propionate Carboxylating System 
Acid added fixed Acid added fixed 
c.p.m. c.p.m. 
35 8-Chloropropionate........ 9 
Propionate.............. 2100* a-Chloropropionate........ 60 
65 a-Methylbutyrate.......... 68 
Conditions as described in the text. - 


*6 per cent of the HC™O;~ added. 


The reaction indicates an absolute requirement for ATP (Table I; Fig. 
2) with an optimum of approximately 1 umole per ml. when either Mntt 
or Mgt is present at 0.001 m. When the concentration of ATP was in- 
creased above that of the divalent cation, the reaction was progressively 
inhibited. A 3-fold higher concentration of ATP inhibited the fixation by 
more than 50 per cent. Increasing the metal ion concentration in this 
region (Fig. 2) reversed the inhibition, indicating that the ratio of metal 
to ATP governs the activation and inhibition of the enzyme. These ob- 
servations led to a more extensive study of this phenomenon with ATP- 


creatine transphosphorylase (22). 
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The requirement for a divalent cation depends on the thoroughness with 
which the enzyme is dialyzed. Magnesium and manganese salts were 
approximately equally effective in supporting the reaction, and both were 
optimally effective at concentrations approximately equal to that of ATP 

Fig. 3). 

Identification of Product—At least 90 per cent of the C" fixed by the com- 
plete system was recovered in the non-volatile, ether-extractable acid frac- 
tion. This fraction was mixed with a pool of fumaric, succinic, and malic 
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Fig. 2. Effect of ATP concentration on CO; fixation into succinate. O,1 umole 
of Mgtt per ml.; X, 1 umole of Mnt* per ml.; A, 2 umoles of Mg*t* per ml.; @, no 
added divalent cation; 0, 3 umoles of Mn** per ml. 

Fic. 3. Effect of divalent cation concentration on CQO, fixation into succinate. 
ATP present at 0.001 O, Mgtt; Mn**. 


acids and resolved on a silica gel chromatograph according to Marvel and 
Rands (23). The results are presented in the upper part of Fig. 4. The 
recovery of the carrier acids was virtually quantitative. No detectable 
amounts of C'* were found in the fumaric or malic acid fractions, while in 
the succinic fraction the isotope concentration closely paralleled the amount 
of acid present. At the time these experiments were performed (1952), the 
Marvel-Rands system was the best available for chromatography of dicar- 
boxylic acids. In their procedure, abrupt changes were made in the com- 
position of the eluting solvent, which accounts for the lack of symmetry in 
the elution pattern. 

The oxidation-reduction balance of the propionate carboxylation reac- 
tion under anaerobic conditions might lead to succinate production even 
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if some other acid were the primary product formed. To examine this 
possibility the experiment was repeated with the inclusion of 0.01 m malo- 
nate to prevent any fumarate being reduced to succinate. The results are 
shown on the bottom half of Fig. 4. The added malonic acid was recovered 
quantitatively but, again, all of the isotope was found in the succinic acid 
fraction. 

More recently, the reaction mixture has been deproteinized, freed of 
C¥O., and the acids separated by chromatography on Dowex 1 according 


FRACTION NO 


Fig. 4. Silica gel chromatogram of products of propionate carboxylation. @, 
acid titration; O, radioactivity (C™ concentration). 


to Busch, Hurlbert, and Potter (24), and by paper chromatography after 
Denison and Phares (25). Both of these procedures indicate that suc- 
cinate is the major product, but give evidence for the occurrence of minor 
components containing radioactivity. In agreement with Flavin (26), we 
have obtained no evidence for the formation of isosuccinic acid by soluble 
extracts from rat liver. Isosuccinic acid has been found to be produced 
from propionate in rat liver slices (27) and in heart extracts (26). 
Reversibility of Propionate Carboxylation Extracts of Mitochondria 
The fact that succinate does not stimulate HC“O uptake in this system 
(Table IIT) indicates that the over-all reaction is not readily reversible. 
One reason for this might be the absence of significant amounts of the suc- 
cinate-activating enzyme. Separation and analysis of the propionate 
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remaining in the reaction mixture after incubation indicated that it con- 
tained less than 1 per cent as much C™ as had been fixed into succinate. 

Synthetic succinyl CoA was slowly decarboxylated by this system. 
When 3.5 uwmoles of carboxyl-C'-succinyl CoA were incubated for 40 
minutes in the regular system, 1.2 per cent of the radioactivity was re- 
covered as CO, in a KOH trap.? A deacylated (20 hours; 30°) sample 
yielded only a third as much C'O,. 

Influence of Biotin Deficiency on Carboxylation of Propionate—A variety 
of CO.-fixing reactions in animal tissue and in microorganisms is dependent 


TABLE IV 
Influence of Biotin Deficiency on Carborylation of Propionate 
poet State of biotin nutriture Protein used CO: fixed 
mg. c.p.m. 
1 Control 3 1108 
‘| Biotin-deficient 3 229 
2 Control 3 1295 
Biotin-deficient 3 246 
Deficient, injected with 100 y biotin daily 3 2117 
for 3 days 

3 Control 3 1158 
6 2260 
Biotin-deficient 3 162 
6 344 
Deficient + 100 y biotin daily for 3 days 3 1475 
6 3771 
4 Biotin-deficient 3 155 
Control 0.3 28 
Biotin-deficient + control 3+ 0.3 643 


on an adequate supply of biotin (see (16)). As reported briefly before (16), 
extracts of mitochondria from biotin-deficient rats carboxylate propionate 
at a greatly reduced rate as compared with preparations from normal rats 
(Table IV). ‘he defective carboxylation in the biotin-deficient rats can 
be completely corrected by administration of biotin for a period of 3 days. 
In fact, such replete animals yielded preparations which were more active 
than those from control animals (experiments 2 and 3, Table IV). Rapid 
restoration of CO,-fixing ability by administration of biotin to deficient rats 
has also been observed for the citrulline-synthesizing system (16, 28). 
Although propionyl CoA has not been tested with the biotin-deficient 


?This experiment was conducted by Dr. Felix Friedberg. The succinyl CoA was 
kindly contributed by Dr. Rao Sanadi. 
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preparation, it is unlikely that the defect is in the propionate-activating 
reaction, since the metabolism of straight, short chain fatty acids proceeds 
normally in mitochondria from biotin-deficient rats (29). The activity 
of a biotin-deficient preparation could be greatly enhanced by the addi- 
tion of a small quantity of a control preparation which alone fixed only a 
negligible amount of C' (Experiment 4, Table IV). Additions of biotin or 
biocytin to the deficient preparation were without effect. Carbamy] 
glutamate, which enhances citrulline synthesis by biotin-deficient prepara- 
tions (30), did not restore propionate carboxylation by the deficient ex- 
tracts. 

Observation on Miscellaneous Inhibitors and Activators—The carboxyla- 
tion of propionate was strongly inhibited by octanoate, probably because 
the latter is converted to octanoyl CoA, leaving none of the coenzyme for 
propionate activation. At 0.003 m, the inhibition amounted to 42 per 
cent. Malonate, at 0.01 M, inhibited 50 to 60 per cent. Inhibition by 


succinate was variable; in some experiments 0.01 m succinate inhibited | 


50 per cent. 

The rate of propionate carboxylation by dialyzed preparations was not 
enhanced by diphosphopyridine nucleotide, triphosphopyridine nucleotide, 
or glutathione. Supplementing the regular reaction mixture with 130 
units of a highly purified preparation of ‘‘malic enzyme” (31) did not affect 
the C"™ fixation with either normal or biotin-deficient extracts. 


DISCUSSION 


The direct carboxylation of propionate to succinate, followed by the 
oxidation of the latter through fumarate, malate, and oxalacetate to pyru- 
vate, provides a pathway for the conversion of propionate to carbohydrate. 
Such a pathway would result in the observed (3, 5, 6) distribution of pro- 
pionate carbon atoms. It will be demonstrated in the following paper that 
liver mitochondria are capable of carboxylating relatively large amounts 
of propionate. 

The requirements for the carboxylation of propionate by mitochondrial 
extracts resemble those for the decarboxylation of succinate by extracts of 
Micrococcus lactilyticus (10), Propionibacterium pentosaceum, and Veil- 
lonella gazogenes (11). Whiteley (10) and Delwiche, Phares, and Carson 
(11) have found evidence for the involvement of propiony]l CoA and suc- 
cinyl CoA, and have demonstrated a requirement for ATP (10, 11), CoA 
(10, 11), and possibly cocarboxylase (10). 


SUMMARY 


Extracts of acetone-dried rat, ox, or guinea pig liver mitochondria cata- 
lyzed the carboxylation of propionate to succinate. The reaction required 
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| ATP and Mgt or Mn**. Optimal activity was obtained when the ratio 


adenosine triphosphate-metal ion was approximately 1:1. A requirement 
for coenzyme A could be demonstrated with aged preparations or by treating 
fresh preparations with Dowex 1. Propionyl CoA was more effective than 
propionate but the system still required ATP with this substrate. Acids 
closely related to propionic did not support the fixation of HC“O;s-. 

The product was identified as succinate by three chromatographic pro- 
cedures. 

Preparations from biotin-deficient rats were much less effective than 
those from normal rats in catalyzing the carboxylation of propionate. 
This metabolic defect was repaired by injected biotin. 
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THE CARBOXYLATION OF PROPIONIC ACID BY 
LIVER MITOCHONDRIA* 


By FELIX FRIEDBERG,f JULIUS ADLER,{ anp HENRY A. LARDY 


(From the Department of Biochemistry and the Institute for Enzyme Research, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, July 22, 1955) 


The glycogenic effect of propionic acid (1, 2) results from the conversion 
of propionate carbon into carbohydrate (3, 4) and not from an indirect 
stimulation of carbohydrate production from other sources. The finding 
(5, 6) that extracts of mitochondria can convert propionate and bicarbonate 
to an organic acid identified as succinic acid (6) provided an explanation 
for this glycogenic effect. The present study with intact mitochondria 
aims to ascertain the physiological significance of the carboxylation reac- 
tion which had been found to occur in soluble extracts. 


EXPERIMENTAL 


Except as otherwise indicated, the reactions were carried out in Warburg 
flasks, each containing 0.5 ml. of rat liver mitochondrial suspension (about 
2mg. of N) prepared according to Schneider (7), 3 umoles of K propionate, 
4 ymoles of NaHC"Q; (6.6 X 10° c.p.m., side arm), 30 umoles of DL-f- 
hydroxybutyrate, 50 umoles of phosphate buffer, pH 7.3, 6 umoles of ATP,} 
15 pmoles of MgCl., and 0.15 m KCl to a volume of 3.0 ml. In some ex- 
periments (as indicated), 0.5 ml. of homogenate (10 gm. of rat liver in 
10 ml. of 8.5 per cent sucrose) was used in place of mitochondria. An- 
aerobic conditions, when used, were obtained by flushing the flasks with 
nitrogen. 

The reaction was allowed to proceed at 30° for 20 minutes after tipping 
the bicarbonate from the side arm, and was then stopped with 2.5 ml. of 
acid acetone (3 ml. of concentrated HCl per liter of acetone). After cen- 
trifugation, a 5.0 ul. aliquot of the protein-free solution was evaporated to 


* A more detailed account of this work is presented in the thesis of Julius Adler 
for the degree of Master of Science, University of Wisconsin, 1954. Supported in 
part by a grant from the National Institute of Arthritis and Metabolic Diseases 
(No. A-531), National Institutes of Health, Public Health Service. 

t Fellow of the National Foundation for Infantile Paralysis. Present address, 
Department of Biochemistry, Howard University, Washington, D. C. 

t National Science Foundation Predoctoral Fellow. 

1 The following abbreviations are used: ATP, adenosine triphosphate; ADP, aden- 
osine diphosphate; CoA, coenzyme A; DNP, dinitrophenol; TPN, triphosphopyri- 
dine nucleotide. 


943 


| 


944 CONVERSION OF PROPIONATE TO SUCCINATE 


dryness and assayed with a gas flow counter for C“O, fixed; the remainder 
was analyzed by paper chromatography (ether-glacial acetic acid-water, 


13:3:1) after Denison and Phares (8), and by Dowex 1 chromatography | 


according to Busch, Hurlbert, and Potter (9). 

Malic, citric, succinic, fumaric, and aspartic acids were identified by 
their position on Dowex 1 chromatograms, and, in each experiment, by 
coincidence on paper chromatograms of authentic unlabeled acids with 


the radioactive products obtained by column chromatography of the reac- — 
tion mixture. In addition, the radioactivity in each tube of a malic acid 
peak was found to coincide with reduced TPN formation catalyzed by a | 
purified malic enzyme (10). The radioactivity of a citric acid peak coin- | 
cided with citric acid measured according to Perlman, Lardy, and Johnson } 


(11). Aspartic acid was degraded with dimethyl] sulfate to fumaric acid 
(12). Succinic acid has been identified also by chromatography with 
authentic samples on a silica gel column (6). 


The optical antipodes of 6-hydroxybutyric acid were supplied by Dr. | 
Frank Maley, who had resolved them with quinine. Yeast hexokinase | 


was obtained from the Pabst Laboratories. Malic enzyme (10) of high 
activity was prepared by an unpublished procedure developed by Dr. 
William Rutter in this laboratory. Other preparations were described in 
the previous paper (6). 


Results 


When rat liver mitochondria were incubated with propionate in the 
reaction mixture described above, only about 1 per cent of the added C# 
was fixed (Table I). The additional presence of an oxidizable cosubstrate, 
however, resulted in the fixation of 10 to 30 per cent of the added 40 
umoles of HC“O;- in 20 minutes (Tables I and II). A cosubstrate re- 
quirement for propionate metabolism has been reported also by other 
workers (13, 14). The addition of ATP was found necessary for an optimal 
rate of fixation. 

The cosubstrate of choice was p-8-hydroxybutyrate because of its 
effectiveness in stimulating the carboxylation of propionate, failure by 
itself to fix appreciable HC“O;- (see Table I and (15)), and nearly quanti- 
tative conversion to acetoacetate with negligible entry into the citric acid 
cycle (16). It could, however, be replaced by DL- or L-8-hydroxybutyr- 
ate, succinate, or a-ketoglutarate (Table I). Under these conditions a- 
ketoglutarate was itself carboxylated to form C'*-citrate (identified chemi- 
cally as under ‘‘Experimental”’), a reaction already studied in tissues of 
the rat and other species (17, 18). 

The réle of the cosubstrate is believed to be the maintenance of a high 
ATP-ADP ratio by means of oxidative phosphorylation. Evidence in 
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TaBLe I 
Carboxrylation of Propionate by Rat Liver Mitochondria 
ment mate Other additions 
pmoles per cent 
1 Air 0 0.7 
3 1.3 
0 3 a-ketoglutarate 1.3 
3 3 11.0* 
2 0 | 30 “ succinate 3.5 
3 30 “cc 15.3 
3 0 | 30 “ 1.4 
3 30 23 4 
3 | 30 “ 17.1 
3 30 “ p(—)-8-hydroxybutyrate 22.0 
3 30 “ +2 xX DNP 1.0 
3 + glucose-hexokinase | 0.4 
4 " 0 _— creatine phosphate + 2 mg. ATP-creatine 
transphosphorylase 0 
" 3 28 umoles creatine phosphate + 2 mg. ATP-creatine | 11.1 
transphosphorylase 
5 N2 0 0.4 
3 1.4 
*! 3 | 30 wmoles pi-6-hydroxybutyrate 1.4 
3 | 28 “ creatine phosphate + 2 mg. ATP-creatine 
transphosphorylase 12.7 


The reaction mixture is described under ‘‘Experimental;’’ incubation time, 20 
minutes. 
* The C4 fixed was found predominantly in malic acid. 
t The C* fixed was found approximately or distributed between the malic 
and citric acid peaks. 


TABLE II 
Incorporation of C' from HC¥%O3;- upon Incubation of Fatty Acids with Mitochondria 
Conditions 
per cent 
30 umoles pL-8-hydroxybutyrate 1.0 
| +3 propionate 32.3 
+3 acrylate 1.5 
30. +3 “ n-valerate 35.6 
30.“ +3 “  isobutyrate 9.7 
+3 “ pL-a-methylbutyrate 15.0 


The reaction mixture is described under ‘‘Experimental;’’ incubation time, 23 
minutes. 
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favor of this view includes the essentiality of aerobic conditions, and the 
complete inhibition by 2 & 10-5 m dinitrophenol or by a glucose-hexokinage 
system (Table [). Also, creatine phosphate and ATP-creatine trans. 
phosphorylase could replace the cosubstrate, even anaerobically (Table J), 

In the absence of any added cosubstrate, mitochondria from liver of 
guinea pig and beef catalyzed the fixation of CO, by propionate as rapidly 
as did rat liver mitochondria fortified with the cosubstrate. 

When a whole homogenate of rat liver was used in the system in place 


of mitochondria, less than 0.5 per cent of the added HC™“Os;- was fixed, | 


Distribution—-Under the conditions described, little or no activity was 
found with mitochondria from rat brain, heart, kidney, lung, skeletal 


muscle, spleen, and tongue. ‘The system was found present in liver mito- | 


chondria from beef, guinea pig, hog, rabbit, rat, and sheep, but not pigeon, 
and not in fresh or dry bakers’ yeast or Pseudomonas fluorescens grown on 
propionate as the sole carbon source. However, extracts of acetone-dried 
mitochondria from rat kidney or pigeon liver were found to fix HC“O; in 
the presence of propionate (6). 

Reaction Products—In aerobic experiments with rat liver mitochondria 
and 6-hydroxybutyrate as cosubstrate, the C' label was found predomi- 
nantly in malic acid (Fig. 1”), even in an experiment of 1 minute duration. 
Degradation of this C'-malic acid to pyruvic acid and CO: with the malic 
enzyme released 60 per cent of the radioactivity. The resulting pyruvic 
acid, trapped as the 2,4-dinitrophenylhydrazone, was also radioactive. 
Since the label was not exclusively in either carboxyl group, but approxi- 
mately equally in both, malic acid is probably not the primary C, com- 
pound. The data are consistent with C'-malic acid having been derived 
from C*-succinate. Absence of large quantities of C'-fumaric or C"- 
succinic acid may be explained by a high rate of their conversion to malate. 

When the conversion of succinate to malate was inhibited by anaerobic 
conditions (Fig. 2) or by addition of malonate (Fig. 3), the radioactivity 
appeared predominantly in succinic acid. Thus, all data obtained are 
consistent with the postulate that the primary reaction in mitochondria, 
as well as in extracts therefrom (6), is propionate + CO, — succinate. 

To gain some information about the reversibility of the carboxylation 
of propionate, succinate was incubated in the mitochondrial system with- 
out propionate. This produced much the same chromatographic pattern 
as succinate with propionate, which appears in Fig. 4. In both cases the 
fixed C™“ was equally distributed between the malic and succinic acid 


2In a Dowex 1 chromatogram (9), isosuccinic acid appears in the position of 
Peak D, Fig. 1, and Peak C, Fig. 4. This fact and other evidence (8) indicate that 
these and corresponding peaks of Figs. 2 and 3 are partially isosuccinic acid. Suc- 
cinate is thus the major product under the conditions of our experiments with sol- 
uble systems (6) and with mitochondria incubated anaerobically or in the presence 
of malonate. 
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fractions; the large succinic acid peak is due to trapping of C'*-succinate 
by the unlabeled pool, but the rapidity of succinate oxidation converts 
much of the labeled succinate to malate. The total C"™ fixed by succinate 
alone is small (Table I). Marshall and Friedberg (19) reported that small 
amounts of C™O, were fixed into succinate by rat liver homogenates to 
which succinate had been added. 
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Fic. 1. Dowex 1 chromatogram of products of propionate carboxylation in the 
presence of pL-6-hydroxybutyrate. A, aspartic; B, succinic; C, malic; D, citric (in 
part); E, fumaric acid. Alternate tubes assayed; reaction components as in ‘“Ex- 
perimental.”’ 

Fic. 2. Dowex 1 chromatogram of products of propionate carboxylation in the 
presence of a phosphocreatine system, anaerobic. A, succinic acid; B, malic acid. 
Alternate tubes assayed; reaction components as under ‘‘Experimental”’ and Table I. 
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Fic. 3. Dowex 1 chromatogram of products of propionate carboxylation in the 
presence of pL-6-hydroxybutyrate and malonate. A, succinic acid; alternate tubes 
assayed; reaction mixture as under ‘Experimental ;”’ malonate, 0.01 m. 

Fic. 4. Dowex 1 chromatogram of products of propionate carboxylation in the 
presence of succinate. A, succinic acid; B, malic acid; C, citric acid (in part); D, 
fumaric acid. Alternate tubes assayed; reaction mixture as under ‘‘Experimental.” 


Precursors of Propionate—Propionate is thought to be formed in animals 
by the oxidation of odd-numbered fatty acids (20) and by the metabolism 
of certain amino acids (20-23). To determine whether these pathways 


occur in mitochondria, n-valerate, valine, and isoleucine were incubated 
in the system without propionate. As can be seen from Table II, n- 
valerate caused incorporation of Ct as readily as did propionate itself. 
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Little or no fixation was obtained with valine and isoleucine. However, 
when isobutyric and a-methylbutyric acids, which result from the oxida- 


tion of these amino acids, were tested, incorporation of C'4 occurred (‘Table | 
II). The initial steps of valine and isoleucine metabolism thus seem to | 


occur slowly or not at all in mitochondria under these conditions, but the 


branched chain fatty acids, once obtained, appear to give rise to propionate | 


readily, and thence further to dicarboxylic acids. In the case of each 
fatty acid mentioned in Table II, the distribution of radioactivity in a 
Dowex | chromatogram was entirely similar to that obtained with pro- 
pionate, ‘The identity of the malic acid peak in an n-valerate experiment 


was established by reaction with triphosphopyridine nucleotide in’ the | 
presence of enzyme, as deseribed in The small 


amount of aspartate formed was identified by the correspondence of posi- 
tion of radioactivity with added aspartic acid in three paper chromato. 
graphic systems, ‘The acid produced by treating the original aspartate 
fraction with dimethyl sulfate (12) was identified as fumarie acid by chro- 
matography (8), 

Slight fixation was obtained with acrylate (Table 11). Only very slight 
or questionable fixation could be obtained with a-ketobutyrate or B-alanine, 


DISCUSSION 


The possibility that propionate is carboxylated by way of pyruvate in 
the system under study appears unlikely. Wood (24) has pointed out 
that accumulation of C'*-succinate in the presence of malonate cannot 
occur by the carboxylation of pyruvate. In addition, pyruvate showed 
little activity in our system, and inosine triphosphate did not replace ATP. 
The carboxylation of propionate to succinate thus represents a new CO, 
fixing reaction in animals. 

The inertness of a methyl group 8 to a carbony! function makes the 
direct carboxylation of the 8 position of propionyl CoA appear unlikely. 
Consideration of this led to the postulation of an acrylic intermediate (5). 
Although acrylate reacts extremely slowly in our system, it produces much 
the same chromatographic pattern as propionate itself. Possibly acrylate 
is only slowly activated in rat liver, and acrylyl CoA, once formed, would 
be effective either directly or after reduction to propionyl CoA. It is of 
interest that Green et al. (25) have demonstrated the reduction of butyryl 
CoA dehydrogenase by propionyl CoA, indicating the probable formation 
of acrylyl CoA. 

Isosuccinate (26, 27) may be an intermediate in the carboxylation of 
propionate (27); the mechanism of isomerization of isosuccinate to suc- 
cinate remains to be elucidated. The propionate carboxylation system 
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resembles in many respects the decarboxylation of malonate by extracts 
of Pseudomonas fluorescens (28, 29). 

The wide-spread occurrence of the enzyme system which catalyzes the 
carboxylation of propionic acid is indicated (a) by its presence in Pro- 
pionibactertum pentosaceum (30) and the photosynthetic Chlorobium thio- 
sulphatophilum (31), where it was first independently reported (30, 31), 
and in Veillonella gazogenes (32) and Micrococcus lactilyticus (33); (b) by 
our distribution data, and (c) by the recent report of Pennington (34) that 
utilization of propionate by epithelium of sheep rumen is stimulated by 
CO,, and that succinate accumulates when propionate is metabolized in 
the presence of malonate, 

Under the conditions of these experiments, the mitochondria from 1 gm. 
of liver (8.75 mg. of N (7)) fixed 5.25 pmoles of HOC'Os in 20 minutes, 
Awuming that the reaction is twice as fast at 38° as at 30° and that the 
liver comprises 5 per cent of the body weight, the liver mitochondria of a 
1h0 gm. rat could carboxylate 235 pmoles of propionate in an hour. Al- 
though slightly higher rates of propionate utilization have been reported 
for the intact rat (3, 4), it should be recalled that, in the experiments im 
vitro, the measured carboxylation of propionate may be lower than the 
actual rate. The HC™“O; added to the reaction mixture would have been 
diluted by carbon dioxide produced from the oxidation of succinate via 
the Krebs cycle, and some of the C"™ fixed would have returned to the 
HC"“O;- pool by this same pathway. 


SUMMARY 


1. Rat liver mitochondria, incubated aerobically with 4 umoles of 
HC“O;-, propionate, pL-8-hydroxybutyrate, ATP, Mgt*, and phosphate 
buffer, fixed 20 to 30 per cent of the added label in 20 minutes. When 
propionate was omitted, less than 1.5 per cent was fixed. p1u-8-Hydroxy- 
butyrate could be replaced by p- or L-8-hydroxybutyrate, succinate, a- 
ketoglutarate, or by ATP-creatine transphosphorylase, even anaerobically. 
Glucose-hexokinase and 2 X 10-5 m dinitrophenol inhibited the uptake of 
HC“O;- completely. 

In the absence of any added oxidizable cosubstrate, mitochondria from 
liver of guinea pig and beef catalyzed the fixation of CO. by propionate as 
rapidly as did rat liver mitochondria fortified with a cosubstrate. 

2. Chromatography of the deproteinized reaction mixture showed that 
C“ had been incorporated predominantly into malate when the p1L-6-hy- 
droxybutyrate system was employed aerobically. In the presence of 
malonate or anaerobically, the label appeared predominantly in succinate. 

3. Incubation of n-valerate, isobutyrate, and pL-a-methylbutyrate with 
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mitochondria resulted in fixation of C' from HC"“QO;-, and the chromato. 
graphic distribution was similar to that obtained with propionate. 
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THE COPPER-PROMOTED DECOMPOSITION OF VITAMIN 
Bi. IN SOLUTIONS OF ASCORBIC ACID 


By ARTHUR J. ROSENBERG* 


(From the Research Laboratories, Chemical Division, Merck & Co., Inc., 
Rahway, New Jersey) 


(Received for publication, August 2, 1955) 


Cyanocobalamin (vitamin Biz) is decomposed in solutions containing 
ascorbic acid or ascorbate ion (1, 2), henceforth collectively designated as 
AA. A kinetic study of this reaction was undertaken in the belief that it 
would be of both scientific and practical interest. Early in the work it 
was observed that cupric ion strongly promotes the reaction; this aspect 
is the main concern of the present paper. 


EXPERIMENTAL 


Merck reagents were employed except when otherwise noted. The test 
solutions were transferred to ampuls which were flushed with nitrogen and 
sealed. ‘The tubes were rapidly preheated to 75° and immersed in a bath 
which was maintained at a temperature of 76.6° a4 0.5°. After an ap- 
propriate interval, the tubes were removed and cooled. In the analysis 
for residual vitamin By the solvent distribution systems described by 
Bacher, Boley, and Shonk are utilized (3): an aliquot is extracted in a 15 
ml. centrifuge tube with 2 ml. of 1:1 eresol-CCh, and the organic layer is 
washed twice with 5 ml. of 5 N FH)SO,4, neutralized with NasHPO,, and 
extracted with 5 ml. of water after the addition of 6 ml. of a solution con- 
taining butanol, CCl, and 10 per cent Zephiran chloride (Winthrop- 
Stearns, Inc.) in the ratio 18:9:2. The concentration of vitamin By in 
the aqueous layer is determined photometrically (4). The over-all ex- 
traction is 96 per cent efficient, the standard deviation of a single measure- 
ment being 2.5 per cent. 


Results 


In the preliminary experiments of this study industrial distilled water, 
later shown by analysis (5) to contain about 0.5 p.p.m. of cupric ion, was 
used in the test solutions. In these experiments the fraction of vitamin 
Bi. decomposed in the presence of large molar excesses of AA was related 
to the initial vitamin Biz concentration, (vitamin Bi2)o, and the time, ¢, 


* Present address, Lincoln Laboratory, Massachusetts Institute of Technology, 
Lexington, Massachusetts. 
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at 76.6° by 
(vitamin Biz)o 


(1) Fraction vitamin B,z; decomposed = A; + 


where A; and C; are empirical parameters which are independent of (vita- 
min Biz)o but vary with t. When ethylenediaminetetraacetic acid (EDTA) 


(Versenes, Inc.), a chelation agent for cupric ion, was added to the solu- | 


tions before heating, C; was nullified (Table I). The fractional decompo- 


sition was then A,, independent of vitamin By. concentration. Since this | 


TABLE 


Effect of Ethylenediaminetetraacetate upon Decomposition of Vitamin Bz in 
Ascorbate Solutions 


0.23 m ascorbate, pH 4.7; Nz atmosphere; 76.6°. 


Initial concentra- 

moles per 
liter) 4 108 
Conditions Ct, M At 
2.3 | 5.8 | 58 | X 108 st 
posed 

Fraction vitamin 

Biz decomposed 

min. 
Distilled water... ...... $10.0 380,21) 5.3 | O.19 0.02 | 6S ae 7 | 0.08 
Same + mM EDTA $100,200, 150, 18 O.18 + 0.02 | 64 7 | 0.08 
+ 0.008 1015/0, 4410. 490, 40 0 O45 0.028 | & 


in a eriterion for first order kineties, A, should vary with time according to 
Mquation 2. 


which is affirmed by the constancy of k up to 45 per cent decomposition, 
The small loss of AA which occurs during reaction was unaffected by 
EDTA. 

When the copper-contaminated water was passed over a strong cation 
exchange resin on a sodium cycle, C; was reduced 10-fold (Table ID. 
Adding copper sulfate to the resin-treated water raised C, by amounts 
equal to the added concentration of cupric ion, Equation 1 holding as long 
as (vitamin Bi2)o/(Cut*)> > 2. 

Inasmuch as the value of C, at 150 minutes is practically unchanged by 
further heating, it must represent a limit. Ina more detailed experiment 
(Fig. 1) it was observed that the limit, C,, is approached according to 
Equation 3. 


(3) Cy = — 
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TABLE II 
Influence of Cupric Ion upon Decomposition of Vitamin Biz in Ascorbate Solutions 
0.11 m ascorbate, pH 4.7; N2 atmosphere; 76.6°. 
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Initial concentration of vitamin 
Biz (moles per liter) X 105 
Conditions 1.22 | 2.05 | 4.02 | 44.9 | CoM X 10° 
Fraction vitamin Biz decomposed 
min. 
150 | 0.66 | 0.48 | 0.27 | 0.06 9.7 
625 | 0.84 | 0.61 | 0.41 10.19 | 10.2 
“ + 5ml. oxygen sealed over 5 ml. 
ee pyle eS 150 | 0.74 | 0.55 | 0.36 | 0.09 | 11 
Cation-exchanged water.............. 150 | 0.14 | 0.09 | 0.05 | 0.04 1.0 
Same + 1.5 X 10°§' mM CuSQ,........| 150 | 0.23 | 0.17 | 0.10 | 0.03 2.4 
7 aon! 750 | 0.43 | 0.38 | 0.29 | 0.25 2.6 
150 | 0.52 | 0.47 | 0.28 | 0.06 8.9 
+ 7.5 X “  (ascor- 
150 | 0.00 | 0.00 | 0.00 | 0.00 0.00 
C CURVE = 
| | l 
0 50 100 350 
MINUTES 


Fig. 1. Rate of the copper-promoted decomposition of vitamin Bi: in ascorbate 


solution. 0.23 m ascorbate, pH 4.7; (Cutt)o ~ 6 X 10-* M; 76.6°. 
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z.e., the reaction is about 95 per cent complete in 150 minutes. In nocase} P 
does C,, exceed the molar concentration of cupric ion originally in the| 10 
system. It is practically the same whether oxygen or nitrogen is the 
ambient and is unaffected by changes in the AA concentration in the} P! 
range 0.002 to 0.23 m. pI 

Thus, cupric ion, which in itself is without effect on vitamin By (Table| 15 
II), will promote the decomposition of a molar equivalent of vitamin B, | [0 
in solutions containing AA. The molar limit implies that cupric ion is 
inactivated by the reaction products. When a solution containing cupric 
ton and AA alone is heated, however, the capacity of the former to pro- 
mote the decomposition of subsequently added vitamin By is greatly re- 


TABLE III 


Inactivation of Cupric Ion in Solutions of Ascorbic Acid and ov 
Dehydroascorbic Acid (DA) at 76.6° 


3.3 X 10-5 m CuSO,, 6.3 X 10-5 Mm vitamin By; cation-exchanged water, pH 4.7.) — 


AA or DA heated |AA or DA + CuSQ ff 

0.( 

Vitamin Biz decomposed (moles per liter) 105 

sa 2.4 3.2 0.0 | 

art 

duced (Table HD). The inactivation of cupric ion can result, therefore, % 

by a reaction with AA alone. I. 
It was of interest to establish whether the reduction potential of AA (6) 7 

enters the decomposition mechanism, An aqueous solution of AA) was 

adjusted to pil 4.5 with NaOH and equilibrated with a slight excess of & 

quinone dissolved in ether (7). The aqueous layer was washed repeatedly “ 

with ether and the excess ether was pumped off, 99.95 per cent conversion el 

to dehydroascorbie acid was evidenced by titrating the residual AA. os 

The decomposition of vitamin By in solutions containing the product was th 

examined (Table TV). At equal concentrations of AA and DA in the a 

range 1.1 & 10-4 to 4.5 & 10°? mM, the copper-promoted decomposition be 

proceeds to the same extent. The rate constant, k, for the first order 9 

decomposition is, however, twice as large in DA than at an equivalent Br 

concentration of AA. ‘These results show that neither the partial oxida- Pas 

tion of AA to DA nor the partial disproportionation of DA to AA (8) is } Pr 
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prerequisite to reaction with vitamin By. As is the case with AA, cupric 
ion is Inactivated by heating it with DA alone (Table III). 

Evidence has also been obtained that the intermediate decomposition 
products of vitamin By: in ascorbate solutions are similar in the absence or 
presence of cupric ion. In either case a quantity of a pinkish substance 
is transferred to the aqueous phase during the acid wash in the analysis 
for residual vitamin By (see above). The quantity, while small com- 


TaBLeE IV 


Direct and Copper-Promoted Decomposition of Vitamin Byz in Solutions 
of Dehydroascorbic Acid 


4 X 10-5 uw vitamin Biz, 0.005 m EDTA, pH 4.7; 1215 min.; 76.6° 


Concentration F Biz k, min.~! 105 
0.05 ** AA + 0.05 mw DA...............cceeee 0.38 39 


6.3 X 1075 mw vitamin Biz, 3.3 & 1075 m CuSO, pH 4.7; 200 min.; 76.6° 


Concentration Vitamin Biz decomposed (moles per liter) & 105 
23K DA... 2.6 


pared to the amount of vitamin By, decomposed, is roughly proportional 
lo it. Samples of this material were purified by solvent extraction and 
elution chromatography on alumina, yielding a series of fractions whose 
microbial activity, distribution properties, and absorption speetrum in 
the visible and near ultraviolet regions are similar to those of the cobal- 
amins (4) in which the cobalt-coordinated cyanide ion in vitamin By» has 
been replaced by a weaker coordinand. While the cobalamins absorb 
only slightly at 4650 A, however, the fractions in question exhibit. pro- 
gressively greater absorption at this wave-length. The most polar frac- 
tion actually shows greater absorbance at 4650 A than at 5300 A, the 
principal visible band of the cobalamins. 
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DISCUSSION 


In solutions containing more than 0.0023 m AA or DA, the rate of the 
copper-promoted decomposition of vitamin By is independent of both the 
vitamin By. and the AA or DA concentrations. The form of the rate 
expression, Equation 3, implies that the rate-determining step is a uni- 
molecular transformation. Therefore, the simplest statement of the results 
is 


(a) + AA or X 
(b) X — Y + inactivated copper ion 
(c) Y + vitamin Bi. — cobalamin-like intermediates which decompose 


where X and Y are unspecified intermediates. Reaction (6) is rate-deter- 
mining in the above circumstances. A further reaction is required to ex- 
plain the inactivation of cupric ion in the absence of vitamin By; e.g., 


(d) Y — inactive products 


The rate of (d) is comparable to that of (b) but is generally much smaller 
than that of (c). In the presence of vitamin By, therefore, Y is degraded 
almost exclusively by reaction (c). 


SUMMARY 


The decomposition of vitamin Bi: in solutions of ascorbic acid is strongly 
promoted by cupric ion, which is inactivated in the process. Similar results 
are obtained when dehydroascorbic acid is substituted for ascorbic acid. 
The kinetics of the reaction at 76.6° has been studied, and a cobalamin- 
like intermediate product has been recovered. 


The author wishes to thank Mr. F. A. Bacher and Dr. E. A. Kaczka for 
their helpful discussions of this work. 


BIBLIOGRAPHY 


1. Gakenheimer, W. C., and Feller, B. A., J. Am. Pharm. Assn., Scient. Ed., 38, 
660 (1949). Trenner, N. R., Buhs, R. P., Bacher, F. A., and Gakenheimer, W. 
C., J. Am. Pharm, Assn., Scient. Ed., 39, 361 (1950). 

2. Frost, D. V., Lapidus, M., Plaut, K. A., Scherfling, I¢., and Fricke, H. H., Science, 
116, 119 (1952). 

3. Bacher, Ff. A., Boley, A. and Shonk, Anal. Chem., 26, 1146 (1954), 

4. Brink, N.G., Wolf, Kaezka, Riekes, L., Koniuszy, F. R., Wood, T.R., 
and Folkers, K., J. Am. Chem, Soc,, 71, 1854 (1949), Brink, N. G., Kuehl, F. A,, 
Jr., and Folkers, K., Setence, 112, 354 (1950), 

h. Noll, C. A., and Betz, L. D., Anal, Chem., 24, 1894 (1952), 

6. Kolthoff, I. M., and Lingane, J. J., Polarography, New York, 2nd edition, 2, 727 

(1952). 
. Moll, T., and Wieters, H., 2. Merck’s Jahresber., 60, 65 (1936). 
8. Rosenfeld, B., J. Biol. Chem., 160, 281 (1943). 


mo: 
nul 
nos 
be 
der 
suc 
uti 
pe 
of i 
(1) 
obt 
‘| 
USC 
Wis 
sida 
ple 
(3) 
Lion, 
t 
dress 


the 
the 
ate 
ilts 


ller 
ded 


PREPARATION AND PROPERTIES OF p-RHAMNULOSE 
(6-DEOXY-p-FRUCTOSE) AND GLUCOSYL 
RHAMNULOSIDE* 


By NORBERTO J. PALLERONIT ann MICHAEL DOUDOROFF 


(From the Department of Bacteriology, University of California, 
Berkeley, California) 


(Received for publication, August 29, 1955) 


In recent studies on a new enzyme, ‘‘mannose isomerase” from Pseudo- 
monas saccharophila, it has been reported that a new keto sugar, D-rham- 
nulose, or 6-deoxy-p-fructose, is produced with this enzyme from pb-rham- 
nose (1). Since this sugar was found to be rather unstable and could not 
be easily separated from rhamnose, an attempt was made to synthesize a 
derivative of it, glucosyl rhamnuloside, by the use of another enzyme, 
sucrose phosphorylase, from P. saccharophila. D-Rhamnose itself was not 
utilized by the sucrose phosphorylase, but during isomerization the ap- 
pearance of a suitable substrate could be shown by following the production 
of inorganic phosphate in the presence of glucose-1-phosphate. 


sucrose phos- 
phorylase 


(1) Glucose-1-phosphate + p-rhamnulose < 
glucosyl rhamnuloside + phosphate 


R. C. Bean and W. Z. Hassid (personal communication) have recently 
obtained evidence that the same disaccharide may be produced by enzyme 
extracts of peas presumably through the following analogous reaction. 


(2) Uridine diphosphoglucose + p-rhamnulose = 


glucosyl rhamnuloside + uridine diphosphate 


The sucrose phosphorylase employed in the present studies has been 
used previously to synthesize several analogues of sucrose in which fructose 
was replaced by related sugars and has been shown to be a “transglyco- 
sidase”’ capable of transferring a-glucosyl moieties (2). The reactions em- 
ployed in the work reported were 

MOMErAKE 
D-rhamnulose (6- deoxy p-fructose) 

* This work was supported in part by a grant from the National Serence Founda 

tion. 


t Fellow of the John Simon Guggenheim Memorial Foundation. Permanent ad- 
dress, Institute of Microbiology, University of Cuyo, Mendoza, Argentina. 
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sucrose phosphorylase | 


(4) p-Rhamnulose + sucrose 
glucosyl rhamnuloside + fructose 


Torula monosa, which does not ferment either rhamnose or rhamnulose, 
was used to remove glucose and fructose from the reaction mixture and 
yeast invertase, which does not attack the new disaccharide, was used to 
hydrolyze the unutilized sucrose. 

The preparation and properties of the new disaccharide and of the ketose 
component are described below. 


EXPERIMENTAL 
Preparation of p-Rhamnulose 


Mannose isomerase was prepared and partially purified according to the 
procedure described previously (1). A fraction representing the extract 
of 1.05 gm. dry weight of bacteria was dialyzed overnight against 1 x 10°? 
mM pyrophosphate-HCl buffer at pH 8.0. It contained approximately 
15,000 isomerase units. To this preparation, which was diluted with 
0.133 mM pyroborate-HCl buffer at pH 8.0 to make a final volume of 25.4 
ml., 0.665 gm. (3.65 mmoles) of D-rhamnose was added and the mixture 
was incubated at 30°. The course of the isomerization was followed with 
the cysteine-carbazole reaction (3) on samples taken at different times. 
After 8.5 hours of incubation, the reaction came to a halt, when 85 per 
cent of the p-rhamnose initially present had been converted to p-rham- 
nulose. At the end of the incubation the isomerase was still active, since 
an aliquot of the mixture was able to convert mannose to fructose at a 
high rate. 4.2 ml. of a 60 per cent solution of perchloric acid were added 
and, after elimination of the protein by centrifugation, the perchloric acid 
was precipitated as the potassium salt. The liquid was passed through 
columns of Dowex 50 in the H form and Dowex 1 in the borate form. 
The borate complex was eluted from the Dowex 1 column with a 5 per 
cent boric acid solution, and the fractions showing a strong cysteine-car- 
bazole reaction were pooled and evaporated to dryness under vacuum at 
room temperature. The boric acid was eliminated by repeated additions 
of methanol and evaporation of the methyl] borate by boiling under vacuum 
at 65°. The final recovery of p-rhamnulose was 453 mg. (2.76 mmoles). 


Preparation of Disaccharide 


Sucrose phosphorylase was prepared and partially purified according to 
the procedure described by Doudoroff (4). 6.5 ml. of rhamnulose solution 
containing approximately 1.52 mmoles of the sugar were mixed with 5 ml. 
of sucrose phosphorylase previously dialyzed for 5 hours against 0.1 M 
tris(hydroxymethylaminomethane (Tris)-HCl buffer at pH 7.2 and a solu- 
tion of 7 mmoles of sucrose in 38.5 ml. of water. The pH of the mixture 
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was adjusted to 7.4 with an solution of Tris. After 1.5 hours of incuba- 
tion at 30°, 7.0 gm. (wet weight) of washed cells of 7’. monosa from a young 
culture were suspended in the liquid and the fermentation of the monosac- 
charides produced from sucrose was carried out at 37° under vacuum for 1 
hour. The pH of the suspension was readjusted to 7.1 with NaOH solution 
and 3 ml. of the same preparation of sucrose phosphorylase were added. 
The mixture was incubated again for 60 minutes at 30° and the reaction 
was stopped by heating at 100° for 2 minutes after removal of the yeast 
by centrifugation. 1 ml. of a 1 per cent solution of yeast invertase (Wal- 
lerstein) in water was added and 6.8 gm. of 7’. monosa washed cells were 
suspended in the mixture, which was incubated at 30° under vacuum on 
arotary shaker. After 3 hours, 1 ml. samples were checked in the War- 
burg apparatus for residual sucrose and invertase activity. The yeast 
was removed by centrifugation and the mixture was heated at 100° for 1 
minute. At the end of the experiment, the pH of the supernatant fluid 
was 4.5. 

The liquid (75 ml.) was then passed through columns of Dowex 50 in 
the H form and Amberlite IR-45 in the OH form and evaporated to dry- 
ness under vacuum at room temperature. The syrup was transferred to a 
small beaker and evaporated again to a thick syrup under vacuum at room 
temperature over Drierite. The syrup was dissolved in a few drops of 
water and sufficient absolute alcohol was added to bring the alcohol con- 
centration to 90 per cent. A fluffy precipitate, which formed, was elimi- 
nated by centrifugation. The supernatant fluid was evaporated again 
under vacuum over CaCl, and the syrup was dissolved in hot 96 per cent 
ethanol. After addition of anhydrous ether, a crystalline product was ob- 
tained and was separated by decanting the liquid. The crystals were 
washed with absolute alcohol and anhydrous ether and dried under vacuum 
over CaCl, at 45°. The yield of this crop was 0.150 gm. Two additional 
crops of approximately 50 mg. each were obtained by repeating the process 
on the supernatant fluid. 

The analyses reported below were done on the first crop, which showed 
approximately 0.4 per cent of reducing sugars. 


Properties of Disaccharide 


The disaccharide is very soluble in water, has a sweet taste, and does not 
reduce alkaline ferricyanide. It gives a negative Raybin test (5). On 
analysis, calculated for Ci2H22010, C 44.16 per cent, H 6.79 per cent; found, 
C 44.23 per cent, H 7.00 percent. Specific rotation, [a]p +61.5° (in water) ; 
m.p., 188-190°. On paper chromatograms developed with butanol-acetic 
acid-water (52:13:35) at 26° the disaccharide has an Ry value of 0.20. 

The disaccharide is not hydrolyzed by invertase, but is very rapidly 
hydrolyzed by acid. After hydrolysis the glucose content of the disac- 
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charide was determined with glucose oxidase and found to be 99 per cent 
of the theoretical on a molar basis. That the ketose moiety of the disac- 
charide is p-rhamnulose was demonstrated by the preparation of an osazone 
from a hydrolyzed sample after separation of the glucose by chromatog- 
raphy. A sample of the disaccharide was hydrolyzed and passed through 
a cellulose column with butanol-acetic acid-water (52:13:35) as solvent. 
A fraction in which the comparison between reducing and cysteine-car- 
bazole values indicated the absence of glucose was evaporated to dryness 
under vacuum at room temperature. The syrup contained approximately 
54 umoles (8.9 mg.) of the ketose. It was dissolved in 0.6 ml. of water and 
40 mg. of phenylhydrazine-HCl and 60 mg. of sodium acetate (trihydrate) 
were added. After 25 minutes in a boiling water bath, a crystalline osazone 
was obtained. This was dissolved in hot ethanol and recrystallized by 
the addition of water. The crystals were dried under vacuum over CaCl, 
and the melting point was found to be 184—185°. Both a known sample 
of p-rhamnosazone and a mixture of the two melted at 184—-185° (uncor- 
rected temperatures). 

A 1 per cent solution of the disaccharide in 1 N HCl was hydrolyzed at 
21° and the course of the hydrolysis was followed by reducing sugar deter- 
minations on neutralized samples. From the figures obtained at the times 
0, 10, and 45 minutes, the velocity constant was found to be 0.045. Su- 
crose, under the same conditions, has a velocity constant of 0.0095. 

32.4 mg. of the disaccharide were dissolved in 5 ml. of water and 1 ml. 
of a saturated solution of sodium periodate was added. The oxidation 
was carried out for 24 hours at room temperature. At the end of the 
oxidation, the periodate left and the formic acid produced were estimated. 
Per mole of substrate, 2.97 moles of periodate were consumed and 1.04 
moles of formic acid produced. Under similar conditions, a mole of su- 
crose was found to reduce 3.07 moles of periodate and produce 1.05 moles 
of formic acid. The data agree with the hypothesis that the disaccharide 
consists of glucopyranose and deoxyfructofuranose moieties. 

A reaction mixture containing 2.5 ml. of sucrose phosphorylase prepara- 
tion, 15.3 uwmoles of disaccharide, 25 umoles of Tris-HCl buffer at pH 7.2, 
and 16.6 umoles of phosphate buffer at pH 6.8 in a total volume of 0.75 ml. 
was incubated at 30° and the reaction was allowed to proceed until there 
was no detectable change in the inorganic phosphate concentration. The 
final pH of the mixture was 6.5. The reaction was then stopped by boil- 
ing, and inorganic and 7 minutes hydrolyzable phosphate and reducing 
sugars were determined. From the analytical data, the equilibrium con- 
stant of phosphorolysis was calculated by the equation 


(disaccharide) (inorganic phosphate) 


K= 


(glucose-1-phosphate) (rhamnulose) 
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The figure obtained was 0.197 and is approximately 4 times greater than 
the value reported for sucrose (6). 


Properties of p-Rhamnulose 


Since no adequate data are available on the properties of the methyl- 
ketohexoses, the following information, which was obtained indirectly from 
the studies on the disaccharide, is presented. 

A sample of the disaccharide was hydrolyzed and analyzed for reducing 
sugars by the method of Schales and Schales (7). From the data, the 
value for p-rhamnulose was found to correspond to 102 per cent of that of 
an equimolar solution of glucose. The cysteine-carbazole reaction, car- 
ried out with the glucosyl rhamnuloside, gave values of 34.8 and 36.2 
Klett units (green filter No. 54) per 0.01 umole of p-rhamnulose after 1 
and 2 hours of incubation at room temperature, respectively (3). 

From polarimetric determinations on a 2 per cent solution of the disac- 
charide before and after hydrolysis, it was calculated that p-rhamnulose 
has an fa]p —14.3°. The ketose has a sweet taste, is not fermented by 
T. monosa, and is not oxidized by notatin. It gives a faint Roe test (8). 

The Rp of rhamnulose on paper chromatograms at 26° with butanol- 
acetic acid-water (52:13:35) was 0.47 (p-rhamnose has an R, of 0.42 un- 
der the same conditions). 


DISCUSSION 


The structure of the new disaccharide as glucosyl rhamnuloside is estab- 
lished from its non-reducing nature and its easy hydrolysis to yield 1 mole 
of glucose and 1 mole of a ketose which gives an osazone identical with 
that of p-rhamnose. By analogy with all of the other non-reducing disac- 
charides synthesized with sucrose phosphorylase, it is reasonable to believe 
that the glucosyl moiety possesses the a configuration, while the deoxy- 
fructosyl portion has the 8 linkage (9). Some slight doubt is cast on the 
ketose configuration, however, by the lack of the characteristic color reac- 
tion with the Raybin reagent. This test, the nature of which is unknown, 
has been found to be positive for all of the sucrose analogues prepared 
previously with sucrose phosphorylase. 

It is interesting to note that, like the other analogues, the new disac- 
charide is not attacked by yeast invertase, which is a specific 6-fructosi- 
dase. It is more labile to acid than sucrose, glucosy] sorboside, or glucosyl] 
xyluloside. 

The high K value for the phosphorolytic synthesis of the new disac- 
charide as compared with that for the synthesis of sucrose may be at- 
tributed to the fact that rhamnulose can exist only in the reactive furanose 
form, while fructose in solution is believed to be mainly in the pyranose 
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configuration. ‘Thus, if only 20 per cent of the free fructose at equilibrium 
is in the furanose form (10), the equilibrium constant which has been re- 
ported previously and which is based on total fructose must be multiplied 
by 5 to give the true figure for the isolated reaction of fructofuranose, 
This would give a value of approximately 0.25, which is fairly close to that 
for the reaction with rhamnulose. 


The authors wish to thank Dr. C. E. Ballou for the gift of synthetic 
p-rhamnose and Dr. W. Z. Hassid and Dr. E. W. Putman for their gen- 
erous advice and collaboration. 


SUMMARY 


A new non-reducing disaccharide, glucosyl rhamnuloside, has been pre- 
pared from sucrose and p-rhamnose by the use of two enzymes, mannose 
isomerase and sucrose phosphorylase from Pseudomonas saccharophila. 
The properties of this sugar and of its component, D-rhamnulose (6-deoxy- 
p-fructose), are described. 
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STUDIES ON SUCCINIC DEHYDROGENASE 


I, PREPARATION AND ASSAY OF THE 
SOLUBLE DEHYDROGENASE* 


By EDNA B. KEARNEYf ano THOMAS P. SINGERT 
WITH THE TECHNICAL ASSISTANCE OF NORMA ZASTROWT 


(From the Institute for Enzyme Research, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication August 1, 1955) 


The investigations reported here evolved from studies on a coupled 
aerobic reaction between cysteinesulfinic acid (CSA)! and a substance ob- 
tained from yeast extracts, which was catalyzed by soluble preparations 
from Proteus vulgaris and a variety of animal tissue, and yielded equal 
amounts of aspartate, pyruvate, and sulfate as products (2, 3). The 
reaction required DPN and an autoxidizable dye. Methylene blue, bril- 
liant cresyl blue, and phenazine methosulfate served as carriers with bac- 
terial extracts and homogenates of liver mitochondrial acetone powder, 
but only phenazine methosulfate was effective with heart preparations or 
with soluble enzyme extracts of liver mitochondria. No reduction of 
pyridine nucleotide occurred under anaerobic conditions and no cysteic 
acid was formed in the reaction, in contrast to CSA dehydrogenase action 
in bacteria (4). CSA alone was not oxidized, and the cosubstrate from 
yeast was only slowly oxidized in the absence of CSA. With the aid of a 
suitable assay system (3) the substance from yeast was isolated in pure 
form, and it was identified as succinic acid (2, 3). The over-all reaction 
could, then, be written as follows. 


(1) L-Cysteinesulfinic acid + succinate + 1.502 DPN > 


L-aspartate + pyruvate + SO," + Ht 


Since, under the experimental conditions, the same products arose from 
CSA and fumarate with the uptake of 2 atoms of Oz (see Reaction 2) (5), 


* This investigation was supported by grants from the National Institutes of 
Health, United States Public Health Service, and the Wisconsin Alumni Research 
Foundation. A part of this work was done during the tenure of an Established In- 
vestigatorship of the American Heart Association by the junior author. A prelim- 
inary report has appeared (1). 

t Present address, Edsel B. Ford Institute for Medical Research, Henry Ford Hos- 
pital, Detroit, Michigan. 

1 The following abbreviations are used: DPN, diphosphopyridine nucleotide; Tris, 
tris(hydroxymethyl)aminomethane; CSA, cysteinesulfinic acid. 
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it appeared likely that over-all Reaction 1 involved the action of succinic 
dehydrogenase with the production of fumarate, and that the latter wag 
metabolized by the transaminative pathway discussed in the preceding 
paper (5). While the function of succinate in Reaction 1 could thus be 
explained as providing oxalacetate for the transamination of CSA (5), the 
reason why succinate was only slowly and incompletely oxidized in the 
absence of CSA was not clear. An investigation of the characteristics of 
succinate oxidation by soluble preparations has provided the answer to 
this question, as detailed below. 

The point of outstanding interest in these results was the observation 
that succinate oxidation occurred at high rates in completely soluble prep- 
arations. This finding was the starting point for the isolation of homo- 
geneous succinic dehydrogenase (6), which will be reported in this series of 


papers. 
Materials and Methods 


Crystallized catalase and bovine serum albumin were purchased from 
the Worthington Biochemical Corporation and from Armour and Com- 
pany, respectively. Malic dehydrogenase was prepared by the method 
of Straub (7); the electron-transferring flavoprotein (8) and a_ purified 
preparation of the particulate “‘succinic-dehydrogenase complex’’ (9) were 
the kind gifts of Dr. H. Beinert and Dr. D. E. Green. P. vulgaris OX-19 
was grown on a Bacto-tryptose-agar medium (Difco) for 16 hours at 38°; 
the thoroughly washed cells were disrupted in a Raytheon 10 ke. sonic 
oscillator (9 minutes at 5°); cell débris was removed by low speed centri- 
fugation and the soluble enzymes, obtained by further centrifugation for 
30 minutes at 105,000 X g, were preserved in the lyophilized state. Beef 
heart mitochondria were prepared by the method of Green eé al. (10) and 
were dehydrated by blending with 4 liters of cold acetone per 30 gm. of 
dry weight of particles, filtering, blending again with 2 liters of acetone, 
filtering, washing with anhydrous ether, and finally drying in vacuo. In 
some of the experiments, the beef heart mitochondria were subjected to 
two cycles of freezing and thawing and treatment with tertiary amyl 
alcohol prior to conversion to the acetone powder (‘‘double freezing and 
thawing method’). Details of this procedure were published by Green 
et al. (10). In essence, the mitochondria, suspended in 4 volumes of 0.9 
per cent KCl, are frozen and thawed, and the volume (V) is measured; the 
residue, resuspended in 0.22 * V of a solution of 1.4 K 10™ M sucrose- 
4.4 X 10°? m KCI-2.9 X 10-* mM succinate at pH 7, is frozen and thawed, 
0.111 volume of tertiary amyl alcohol is added, and, after 1 hour at 0°, 10 
ml. of 0.56 mM KzHPO, are added to each liter of suspension and the mixture 
is centrifuged. The residue obtained is then used for the preparation of 
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the acetone powder. While the procedure above fails to render soluble 
succinic dehydrogenase, it removes some readily dissolved mitochondrial 
proteins, and therefore extracts of acetone powders from material so treated 
contain succinic dehydrogenase in a more easily purifiable form, The 
method finally evolved for the isolation of the soluble dehydrogenase in 
homogeneous form utilizes a considerably simplified procedure in the prep- 
aration of the starting material, which will be deseribed in the next paper 
of this series. 

Succinate was determined, after ether extraction, with a particulate 
preparation of pigeon breast muscle (11). All other materials and methods 
were as previously deseribed (5). 


Results 
Assay of Succinic Dehydrogenase 


Coupled Reaction of CSA and Succinate—Since Reaction 1 was the basis 
of the assay of succinic dehydrogenase during the earlier phases, of this 
problem, it seems advisable to document the balance of this reaction. 
Table I summarizes a typical experiment of this type with a homogenate 
of rat liver mitochondrial acetone powder. The same products in the same 
proportions were found when sonic extracts of P. vulgaris were used as a 
source of the enzymes. In contrast, with homogenates or extracts of beef 
heart mitochondria aspartate, pyruvate, and sulfite accumulated, in accord 
with the fact that heart mitochondria are devoid of sulfite oxidase (5). 

In the presence of any of these preparations, the coupled reaction of 
CSA and succinate (3.3 X 10-? mM) was completely inhibited by malonate 
(6.6 X 10-* m), but the reaction between CSA and fumarate (5) (Reaction 
2) was unimpaired. 


(2) u-Cysteinesulfinic acid + fumarate + O2 DEN > 


L-aspartate -+ pyruvate + SO, + H* 


These relations suggested that the sequence of enzymatic steps in Reac- 
tion 1 depends on the initial dehydrogenation of succinate. Further evi- 
dence in support of this conclusion came from the following observations. 
Homogenates of rat liver mitochondrial acetone powder catalyze both 
Reaction 1 and the oxidation of succinate to fumarate with either methyl- 
ene blue or phenazine methosulfate as carrier. On the other hand, soluble 
enzyme extracts, prepared from this source or from heart mitochondria, 
catalyze both reactions in the presence of phenazine methosulfate, but not 
in the presence of methylene blue, although full activity is retained toward 
Reaction 2. Thus, the high selectivity of soluble succinic dehydrogenase 
toward electron acceptors (to be discussed in a later section) is also re- 
flected in the over-all reaction between succinate and CSA. 
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Succinate-Fumarate Reaction—As mentioned previously, under the con- 
ditions used in the study of Reaction 1, O2 uptake qn succinate alone was 
slow and came to a halt long before the substrate was exhausted. It was 
thought that the main reason for this might be the inhibition of succinic 
dehydrogenase by the oxalacetate formed in the presence of DPN by the 
action of fumarase and malic dehydrogenase (12). Omission of DPN 
from the reaction mixture, in fact, increased the initial rate of O2 uptake, 
but a linear rate was maintained for only a few minutes and the oxidation 
ceased altogether within 15 to 25 minutes after the beginning of the experi- 
ment (Fig. 1, lower curve). In contrast, when CSA, DPN, and supple- 
mentary enzymes (malic dehydrogenase, fumarase, and transaminase) 


I 


Balance of C — Oxidation + Succinate and CSA in Rat Liver Preparation 


| Succinate | Aspartate |Pyruvate Sulfate*® 
Substrate Or uptake removed | removed ormed | formed 
pmoles pmoles pmoles | pmoles 
Succinate, 10 wmoles, 4+ CSA, 15 
pmoles. . 27.8 9.8 10.0 10.1 9.7 7.5 


Kach Warburg vessel contained in 3 ml. volume, 12 mg. of rat liver mitochon- 
drial acetone powder homogenate, 150 umoles of phosphate, pH 7.6, 1.2 uwmoles of 
DPN, and 1 mg. of methylene blue, with KOH in the center well; temperature, 38°. 
The reaction was continued until cessation of O. uptake and the vessel contents were 
deproteinized with perchloric acid. The slight blank values given by CSA alone 
have been subtracted. 

* In the presence of 1 mg. of methylene blue, the oxidation of sulfite to sulfate is 
incomplete (0.6 to 0.8 atom of O2 per mole) (5). 


were also present, the initial rate was maintained considerably longer 
(Fig. 1, upper curve). In the coupled system the initial rate was twice 
that on succinate alone, in accord with the fact that in heart preparations 
aspartate, pyruvate, and sulfite are the products of Reaction 1 with the 
consumption of 1 mole of oxygen per mole of succinate. Since these rela- 
tions held during the purification of the soluble dehydrogenase and were 
also applicable to purified preparations of the particulate enzyme of Green 
et al. (9), the coupled reaction was used for assay in much of the early work 
on the purification of the dehydrogenase (1, 3). 

Alternate Assay Methods—It seemed probable that the decline in initial 
rate noted above reflected an inactivation or inhibition of the dehydrog- 
enase by one of the products. Fumarate, in fact, is a known competitive 


inhibitor of the dehydrogenase (13) and probably contributes to the fall in 
rate when a major fract{on of the substrate is utilized. However, in ex- 
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periments of short duration with high initial succinate concentration serious 
inhibition by fumarate was noted only with the bacterial dehydrogenase 
(see below). The other possibility was that the H.O2 produced in the 
reoxidation of leucophenazine methosulfate might inactivate the dehydrog- 
enase, whose —SH groups are known to be essential for activity (14). Al- 
though the crude preparations used in this phase of the work contained 
sufficient catalase to decompose the amount of H.O2 calculated from the O, 
uptake, it was found that, in the presence of 2 mg. of phenazine metho- 
sulfate, the endogenous catalase was over 98 per cent inhibited. ‘The fact 
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Fic. 1. Comparison of the oxidation of succinate to fumarate with the coupled 
reaction of CSA and succinate (Reaction 1) by soluble beef heart preparations. 
Manometric measurement of O2 uptake at 38°. Lower curve, 150 umoles of phos- 
phate, pH 7.6, 60 uzmoles of succinate, 2 mg. of phenazine methosulfate, and 0.250 mg. 
of a partially purified extract of beef heart mitochondria in a final volume of 3 ml. 
Upper curve, same, plus 1.2 umoles of DPN, 60 umoles of CSA, 1 mg. of malic dehydrog- 
enase, 0.1 mg. of crystalline fumarase, and 0.5 mg. of oxalacetic-glutamic trans- 
aminase. (The latter enzyme catalyzes the oxalacetate-CSA transamination (5).) 


that the catalase present was incapable of decomposing the H.O2 produced 
in the reaction is clearly evident in Table II, which also shows that the 
product of the one-step oxidation is fumarate. 

Several means were tried to overcome the deleterious effect of H2O>. 
The first of these was the addition of pyruvate, since it was thought that 
the maintenance of the initial rate of succinate oxidation in Reaction 1 
might be due at least in part to the decomposition of peroxide by the a-keto 
acids produced in the reaction. It was found, however, that 3 K 10-* mM 
pyruvate was rather ineffective in maintaining the rate. Massive amounts 
of pure catalase (1.5 mg. per 3 ml.) in the presence of a low concentration 
of aleohol? prevented the inactivation almost completely but 1 X 10-3 m 


2 An alcohol concentration in excess of 1 per cent by volume is inhibitory to suc- 
cinic dehydrogenase. 
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cyanide or 8-hydroxyquinoline was the most effective agent among those 
tested (Fig. 2). The action of cyanide is visualized as a continuous reduc- 
tion of the disulfide groups formed by the action of H2O2 on the thiol 
groups of the dehydrogenase. None of these agents prevent the inactiva- 
tion over prolonged periods; for this reason, in routine assays the reaction 
is limited to 5 minutes. 

The succinic dehydrogenase assay which has been found most satis- 
factory in the hands of the authors for purified, soluble preparations of the 
enzyme is a manometric measurement of O2 uptake in the presence of 


TABLE II 
Balance of Succinate Oxidation by Soluble Beef Heart Enzyme 


Fumarate formed 
O, uptake 
Theory* Foundt 
pmoles pmoles pmoles 
3.51 3.51 3.36 
phenazine 
* Calculated from the relation, succinate + Or» > fumarate + 
methosulfate 


{ Determined by the manometric measurement of O, uptake in a deproteinized 
reaction mixture by means of crystalline fumarase and highly purified malie dehy- 
drogenase in the presence of 6 & 10°? phosphate, pIL7.0, 5 10°4m DPN, 1 10° 
mM cyanide, and 2 mg. of phenazine methosulfate at 38°, Conditions for succinate ox. 
idation: 0.45 mg. of partially purified suecinic dehydrogenase from beef heart, 60 
pmoles of succinate, 75 umoles of phosphate, pH 7.6, and 2 mg. of phenazine metho- 
sulfate in 3 ml. total volume at 38°. Since no peroxide-removing compound was 
present, O, uptake stopped after 16 minutes. The solution was deproteinized with 
perchloric acid, 


1 10°* M cyanide, 2 10>? mM succinate, 5 X m phosphate, pH 7.6, 
and 2 mg. of phenazine methosulfate in a final volume of 3 ml. at 38°. 
The substrate and the dye are placed in the side arm of the Warburg vessel 
and are tipped simultaneously, since in the absence of succinate the dye 
readily inactivates the enzyme. Phosphate is an obligatory component 
in the reaction mixture; in other buffers the activity is considerably lower 
(15). The dye concentration given is that required for apparent satura- 
tion of the enzyme. 


Extraction of Succinic Dehydrogenase 


Methods of Extraction—Optimal extraction of the enzyme from beef 
heart or rat liver mitochondria occurred in 0.06 m Tris buffer, pH 8.9 (pH 
at 25°). At lower pH values the extraction was less complete, but about 
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50 per cent extraction could be obtained with dilute phosphate and bicar- 
bonate buffer between pH 7 and 8; even stirring with distilled water ex- 
tracted a significant fraction of the dehydrogenase. For essentially com- 
plete extraction the mitochondrial acetone powder had to be thoroughly 
dried and finely subdivided. In practice, a 2 per cent suspension was 
homogenized for 45 seconds in a Waring blendor at 0°, followed by effi- 
cient stirring for 30 minutes in the cold. The same procedure was found 
applicable to acetone powders of mitochondria from a variety of sources 
(beef, pigeon, pig, and rabbit liver, beef kidney, and pig heart). 


Al 
140 
120F 
= 
80} / 
60+ 
Control 
40 4 v0 4x/O 3M CN 
x-x IO 3M 8-OH Quinoline 
/O3M 
8 i6 24 3 40 48 


Minutes 


Fic. 2. Comparison of the effects of cyanide and of 8-hydroxyquinoline in main- 
taining the initial reaction rate. Conditions as in Fig. 1, lower curve, but 0.14 mg. 
of a partially purified preparation of the enzyme was used per vessel. 


The fact that the dehydrogenase is in true solution in this type of ex- 
tract is documented in Table III. Further evidence lies in the fact that 
it is readily fractionable by classical methods of enzyme chemistry up to a 
stage of homogeneity by physicochemical criteria (6). 

Specificity for Electron Acceptors—The behavior of the various types of 
succinic dehydrogenase preparations used in this study toward electron 
acceptors is summarized in Table IV. Soluble preparations of the dehy- 
drogenase from animal tissue do not react with the dyes frequently em- 
ployed for the assay of the particulate dehydrogenase (methylene blue, 
brilliant cresyl blue, 2,6-dichlorophenolindophenol), nor with cytochrome 
c. The reaction with these dyes or cytochrome c is not reestablished by 
diaphorase or by the electron-transferring flavoprotein of Crane et al. (8), 
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which catalyzes electron transport between certain flavoprotein dehydrog- | abl 
enases and dyes of this type or cytochrome c. Ferricyanide is a relatively | to ¢ 
poor carrier for the soluble enzyme. It is 30 to 40 per cent as effective as | enz 
phenazine methosulfate, provided that a high concentration of a protective | acc 
protein, such as serum albumin, is present; in its absence the rate is about ) diff 


one-fourth of that obtained with phenazine methosulfate. in 
is t 
TABLE III 
Extraction of Succinic Dehydrogenase 
Succinic dehydrogenase activity 
Enzyme source Treatment 
Units* Extraction| Units per 
per ml. mg. protein 
per cent 
Beef heart mito- | Homogenate of particulate 47.2 2.3 ih 
chondria enzyme Rat 
Extract of same 42.2 16.2 Solt 
‘ after 1 hr. centrifuga- 45.4 96 20.1 Bee: 
tion at 144,000 X g Solt 
Rat liver mito- | Homogenate of particulate en- 21.1 0.70 “ 
chondria zyme 
Extract after 1 hr. centrifuga- 20.2 96 2.3 N 
tion at 144,000 X g ) fum 


Conditions: The same as in Fig. 1, lower curve, except for the presence of 1 X 10-* ylen 
mM cyanide. The beef heart enzyme was an acetone powder of mitochondrial origin | pyol 
prepared by the double freezing-thawing technique, as described under ‘‘Methods.” | abo 


It was extracted by homogenization of a 2 per cent suspension in 0.06 m Tris, pH | jna 
8.9, for 30 seconds, and by vigorous stirring for 30 minutes at 0°, followed by cen- toch 
trifugation at 5000 X g for 30 minutes. The rat liver mitochondrial acetone powder 3 my 
was extracted similarly, except that a 3 per cent suspension was used for extraction. 550 1 
0.1 ml. of the beef heart enzyme and 0.3 ml. of the rat liver enzyme were used per eyte 
vessel, was 


* Microliters of consumed per minute. 


Suspensions of acetone powders of rat liver mitochondria can utilize | whe 
methylene blue or 2,6-dichlorophenolindophenol as carrier in the succinic | 
dehydrogenase reaction, although less efficiently than phenazine metho- 
sulfate. When the results in Table IV are compared, it must be remem- A 
bered that with methylene blue 1 atom, whereas with phenazine metho- | goly 
sulfate 1 mole, of O2 is taken up per mole of succinate oxidized, since the | elec 
latter dye inhibits catalase but the former does not. A thermolabile factor | mai 
which transfers electrons from succinic dehydrogenase to methylene blue 
in liver acetone powder suspensions is not extracted by the procedures de- | dee 
scribed. Although soluble enzyme extracts of P. vulgaris appear to be | jnit 
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able to use methylene blue or brilliant cresyl blue for succinate oxidation 
to a limited extent, it appears likely that this is due to the presence of an 
enzymatic impurity which may be removed by fractionation, and that the 
acceptor requirements of the primary dehydrogenase in bacteria may not 
differ greatly from those of the animal enzyme. It may be concluded that 
in all these sources, among the compounds tested, phenazine methosulfate 
is the most satisfactory electron transfer agent. The high activity of this 


TABLE IV 
Reactivity of Dyes and Cytochrome ¢ with Succinic Dehydrogenase 
Relative reaction rate 
Enzyme preparation Phena- 
blue cyanide onal ‘chrome ¢ 
Rat liver mitochondrial acetone powder...| 100 30 
Soluble enzyme extract of same........... 100 0 0 0 
Beef heart mitochondrial acetone powder..| 100 0 | 43 0 0 
Soluble enzyme extract of same........... 100 0 | 30-40 0 0 
“ _ ultrasonic preparationof P. vulgaris.| 100 37 0 


Measurement of initial reaction rates in the one-step oxidation of succinate to 
fumarate. In the experiments with phenazine methosulfate and methylene blue, 
0. uptake was measured under the conditions outlined in Fig. 1, lower curve. Meth- 
ylene blue concentration, 1 mg. per 3 ml. In the ferricyanide experiment, CO, 


' evolution was followed in a reaction mixture containing enzyme and succinate, as 


above, KHCO; (100 umoles), K;Fe(CN). (100 umoles), and serum albumin (15 mg.) 
in a final volume of 3 ml. at 38°. Gas phase, Nz (95 per cent)-COz2 (5 per cent). Cy- 
tochrome c experiment: conditions same as with phenazine methosulfate, except that 
3mg. of cytochrome c replaced the dye, and reduction was followed at wave-length 
550 mu in the spectrophotometer. Indophenol experiment: conditions same as with 
cytochrome c except that 0.14 umole of dye replaced the cytochrome, and reduction 
was measured at 600 mz. 


dye with purified preparations of the particulate enzyme is described else- 
where (10). 


Some Properties of Dehydrogenase from P. vulgaris 


As shown in Fig. 3, the one-step oxidation of succinate to fumarate by 
soluble enzyme extracts of the organism with phenazine methosulfate as 
electron acceptor was proportional to the enzyme concentration and re- 
mained linear at least for 20 minutes, even in the absence of provisions for 
the removal of H.O. and fumarate. Over long periods the reaction rate 
declined. As in the case of the dehydrogenase from animal tissues, the 
initial rate was maintained longer when cyanide was also present or when 
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CSA and DPN were added to establish Reaction 1. Fumarase, malic 
dehydrogenase, and transaminase were present in considerable excess over 
succinic dehydrogenase in the unfractionated extract. In contrast to 
soluble preparations from beef heart, the dehydrogenase from Proteus was 
relatively stable. Aqueous extracts retained full activity for 24 to 4g 
hours in the frozen state. Lyophilized extracts suffered only a 10 to 2 
per cent inactivation per month at —20°. 

The pH of optimal activity in phosphate buffer at 38° was 7.6 to 7.8 and 
the K,, for succinate at pH 7.6, 38°, was 1.3 & 10-3 M, essentially the 


Ail. O2 
100 


80 


60F x 


40F 


20F 


0.1 0.2 0.3 


M/. Enzyme 
Fig. 3. Proportionality of O2. uptake to succinic dehydrogenase concentration in 
Proteus extracts. Conditions as in Fig. 1, lower curve, except that the enzyme used 
was a sonic extract of P. vulgaris, 15 mg. dry weight per ml. Lower curve, 10 min. 
utes; upper curve, 20 minutes. 


same values as previously reported for the purified enzyme from beef heart. 
In the presence of 1 & 10°? M succinate, equimolar malonate inhibited 90 per 
cent of the activity, and the inhibition was of the competitive type. The 
following additional compounds inhibited the enzyme competitively, in 
decreasing order of effectiveness; oxalacetate, fumarate, and L-cysteate. 


DISCUSSION 


It may be concluded from the results presented in this paper that phena- 
zine methosulfate is the most efficient electron acceptor for soluble succinic 
dehydrogenases from a variety of sources. Ferricyanide, the only other 
compound which can function as an oxidant with the soluble dehydrog- 
enase, is much less effective. The suitability of phenazine methosulfate 
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as an electron acceptor cannot be readily explained on thermodynamic 
grounds. Its potential (£’9 = 0.080 at pH 7, 30° (16)) is higher than 
that of methylene blue and brilliant cresyl blue and lower than that of 
2,6-dichlorophenolindophenol, none of which can accept electrons from 
the enzyme; yet ferricyanide, at an even higher potential, is active as an 
acceptor. 

Although succinic dehydrogenase is a ferroflavoprotein (17), it fails to 
react with dyes such as methylene blue and 2,6-dichlorophenolindophenol, 


) which readily accept electrons from several other flavoproteins. The 


demonstration that, at least in liver mitochondria, the reaction of succinic 
dehydrogenase with methylene blue depends on a second enzyme which is 
not extracted readily from acetone powders is reminiscent of the findings 
of Crane et al. (8) on the catalysis of the reaction between fatty acyl CoA 
dehydrogenases and dyes by the electron-transferring flavoprotein. In 
the catalytic cycle of succinate oxidation by the soluble dehydrogenase, 
phenazine methosulfate does not accept the electrons from the flavin but 
from ferrous iron which, in all probability, acts between the flavin and 
the dye in the assay described (17). 

It is of interest to note that phenazine methosulfate is also the dye of 
choice in the measurement of choline dehydrogenase activity in rat liver 
mitochondria and is the only type of acceptor active with soluble choline 
dehydrogenase from this source.? Conceivably, this dye may be of genera! 
usefulness in the assay of the group of enzymes sometimes called ‘‘eyto- 
chrome-reducing dehydrogenases.”’ 

The present paper and others dealing with the isolation of succinic de- 
hydrogenase (1, 3, 6) illustrate the cardinal importance of a satisfactory 
assay method as a prerequisite for the purification and study of an enzyme. 
In the 46 years that have elapsed since Thunberg’s discovery of the dehy- 
drogenation of succinate (18) there have been numerous recorded and un- 
recorded attempts to make soluble and purify the dehydrogenase without 
much success until recently. Partial (10 per cent) extraction of the de- 
hydrogenase in the soluble state from acetone powders of animal tissues 
was reported by Hlogeboom (19) and more extensive extraction was 
achieved by Morton, using the butyl alcohol technique (20). Further ef- 
forts to isolate the dehydrogenase appear to have been abandoned in the 
absence of a suitable assay procedure. The fact that impressive progress 
has been made in the purification of the particulate enzyme (“succinic de- 
hydrogenase complex’) (9) and of cholate-treated preparations thereof 


* Kun, i., and Singer, T. P., unpublished data. 

‘This particulate preparation is regarded by Green and Beinert (21) as a “precise, 
reproducible enzymatie unit made up of a number of components’? which link the 
oxidation of suecinate with the reduction of cytochrome c. 
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(22), which are in complexity somewhere between the primary dehydrogen- 
ase and the chain of proteins that make up the “succinic dehydrogenase 
complex,”’ may be at least partly attributed to the circumstance that these 
preparations retained the factors necessary for rapid reaction with some 
of the agents customarily used in the assay of the mitochondrial enzyme. 
The results reported here and elsewhere (1, 6) lead to the conclusion that 
the solubilization and subsequent purification of the dehydrogenase are 
readily accomplished without recourse to special techniques when phenazine 
methosulfate is used for assays. 


It is a pleasure to acknowledge the hospitality and continued interest of 
Dr. D. E. Green. 


SUMMARY 


1. Extraction of rat liver or beef heart mitochondrial acetone powder 
with alkaline Tris buffer resulted in complete recovery of soluble succinic 
dehydrogenase. By means of this technique the enzyme has been ex- 
tracted from a variety of animal tissues. Soluble succinic dehydrogenase 
from Proteus vulgaris has been obtained by sonic oscillation. 

2. Cytochrome c and the dyes conventionally used for the assay of 
mitochondrial preparations of the dehydrogenase do not react with the 
soluble dehydrogenase, and ferricyanide is a relatively poor acceptor. 
Phenazine methosulfate is the acceptor of choice with the soluble dehy- 
drogenase. An assay method, based on the use of this dye, has been de- 
scribed. 

3. Some of the properties of succinic dehydrogenase from P. vulgaris 


have been examined. 
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THE PREPARATIVE ISOLATION OF CEREBROSIDES* 


By NORMAN S. RADIN, JAMES R. BROWN, anp FRANCES B. LAVIN 


(From the Radioisotope Unit, Veterans Administration Research Hospital, and 
the Department of Biochemistry, Northwestern University Medical School, 
Chicago, Illinois) 


(Received for publication, September 19, 1955) 


_ Methods presently available for the preparative isolation of cerebrosides 
require the use of large quantities of solvents and nerve tissue and call for 
considerable skill in carrying out many crystallizations (2,3). As part of 
astudy of the metabolism of the complex brain lipides, we have developed 
a relatively simple method of isolation which gives high yields of mixed 
cerebrosides. The problem of large scale extraction of nerve tissue is 
eliminated by starting with a commercial cerebroside concentrate which is 
already about 24 per cent pure. The concentrate is extracted with ether 
and hot 95 per cent alcohol (4), then processed chromatographically with 
Florisil to remove phospholipides. The product is now treated chroma- 
tographically with mixed ion exchange resins, which give, without any 
| recrystallizations, cerebroside assaying about 88 per cent pure. Further 
purification steps are presented. The use of Florisil and ion exchange 
| resins for the determination of cerebroside in nerve tissue has already been 
described (5). 
| Methods of determining the galactose content of cerebrosides are also 
presented. 


| Procedure 


Ether Extraction—400 gm. of beef spinal cord lipides,' 300 gm. of Celite 
545 or Hyflo Super-Cel, and 1800 ml. of absolute ether are placed in a 4000 
ml. Erlenmeyer flask. The flask is covered tightly with tin-foil and swirled 
occasionally in the course of 1 or more hours, until the lumps have become 
somewhat diminished in size. The mixture is now stirred 1 hour, with a 
glass propeller aligned by a close fitting cork borer which is inserted into a 
rubber stopper in the neck of the flask. This method of stirring minimizes 
the entrance of oxygen into the flask. 

The slurry is now filtered onto a large Biichner funnel (Coors No. 5), 
which is covered by a glass plate or thin Teflon sheet to reduce exposure to 


* Supported in part by a grant from the Multiple Sclerosis Foundation of America, 
Chicago; Dr. Lewis J. Pollock, Responsible Investigator. A preliminary report of 
this work has appeared (1). 3 

‘ Beef spinal cord lipides, Research Division, Armour and Company, Chicago. 
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oxygen. When the filter cake shows the first crack, it is rinsed with 200] '¥ 
ml. of absolute ether. When the cake again begins to crack, the plate is | 
removed and the cake is rapidly returned to the Erlenmeyer flask, which { 2! 
has been refilled with 1600 ml. of absolute ether. After stirring 1 hour in 
and filtering as before, the extraction is repeated with 1400 ml., but this, ™ 
time the cake is allowed to dry on the funnel. This is done slowly, by (a 
moving the glass plate aside a trifle to let the ether vapors out. As the! %4 
cake gradually dries, the plate is moved aside further and eventually re- ar 
moved completely. The slow drying prevents oxidation by air, which is ; % 
evidenced otherwise by rapid reddening of the exposed wet surface. The 2° 
final cake is white, with a thin orange skin on top which is not removed. , 

Alcohol Extraction—The filter cake is broken up, dried further if ether 
is still present, powdered, weighed, and the lipide content estimated. Boil- 
ing 95 per cent ethanol? (6 ml. per gm. of crude cerebroside) is added to the 
powder and the mixture is stirred 5 minutes while being brought back to a 
boil, filtered through a large preheated or jacketed funnel, and the Celite 
washed with 400 ml. of boiling aleohol. The filtrate is reheated in a water 
bath to redissolve the precipitate, then stirred while cooling slowly to 0°. | ag 
The tan solid is filtered, air-dried overnight, and finally dried over POs. : 
The yield at this point is about 188 gm., but may be lower because of 
losses due to cooling during filtration. 

Florisil Treatment—A slurry of 1560 gm. of Florisil* (60 to 100 mesh) in 
a minimal volume of chloroform-methanol (2:1) is packed into a chroma- 
tographic column 8 cm. in diameter and 80 cm. high. We use a fixed [ gg 
sintered disk at the bottom, below which are a constricted tip and a short i =" 
length of solvent-extracted Neoprene tubing to control the flow rate. A 
total of 2500 ml. of solvent is used to prepare and wash the column. 

A solution of 130 gm. of crude cerebroside in 5200 ml. of the same solvent 
is now passed through the column at 30 to 40 ml. per minute, and the 
Florisil is eluted with about 5000 ml. more of the solvent. Of the 10.2 | % 


| 


liters used, the first 2.5 can be discarded, since the content of the solid is } of 
slight. The remaining effluent is evaporated to dryness with the “‘swirler” 
evaporator (6) and dried over wax and P,Qs, yielding 78 to 88 gm. of white by 
powder. At this point the phosphorus content has dropped to about 0.01 ) 
per cent (see Table I). _ 
Ion Exchange Resins—96 gm. of Dowex 50-X4 (50 to 100 mesh of the sh 
commercial moist form‘) are washed by decantation with 4 N HCl, water, ; 
2 N NaOH, and water, and then, in a column, with 2 Nn HCl until Nat-free, fir 
and water until neutral. 256 gm. of Duolite A-7 (dry form ground to 40 2 
2 The ethanol, methanol, and chloroform used in this paper were all redistilled. { In 


3 Floridin Company, Tallahassee, Florida. 
4The Dow Chemical Company, Midland, Michigan. 
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to 200 mesh®) are washed similarly with 2 N NaOH, water, N HCI, water, 
vy NaOH until Cl--free, and water until neutral. The resins are mixed 
and washed with aleohol by decantation, and the alcoholic slurry is poured 
into a column 5 em. in diameter and 80 cm. high. The packing is washed 
with aleohol-chloroform-water (10:8:1) until no more solids are eluted 
(about 3800 ml.), then 64 gm. of Florisil-treated lipide in 2560 ml. of the 
same solvent are passed through at 15 to 25 ml. per minute. The resins 
are next washed with solvent until test portions of effluent reveal little 
solids (about 4000 ml.), and the pooled effluents are evaporated to dryness 
asabove. The white powder from a typical run weighs about 50 gm. and 
assays 19.2 per cent galactose. Assuming an average molecular weight of 


TABLE I 


Summary of Isolation Step Data 


Pad | | 
After ether and alcohol extraction.......... 47 1.06 12.1 
‘¢ Florisil treatment.................... | 67 0.01 18.3 


resins, but Florisil | 74 | 0.72 | 14.2 


* Yield of lipide from each step. 


820 for spinal cord cerebrosides, the preparation is then about 87.5 per 
cent pure. 


CysH930s.5N. Calculated. C 70.3, H 11.4, N 1.71 
Found. ‘© 70.3, “* 11.6, “ 1.66, ash less than 0.2 


99 per cent of the nitrogen acts like sphingosine in the analytical method 
of McKibbin and Taylor (7). 

Further Purification—The mixture of cerebrosides can be purified further 
by recrystallization or by precipitation of the barium chelate and subse- 
quent recrystallization. Crystallization is carried out by dissolving in 50 
volumes of warm methanol-chloroform (1:1) and cooling slowly to 15°, 
shaking occasionally. The vrecipitate is filtered rapidly with a cold Biich- 
ner funnel, air-dried, and then recrystallized similarly. The yield in the 
first crystallization is about 40 per cent; in the second, about 75 per cent. 
This preparation appears to be primarily phrenosin (cerebron) and is a 
monohydrate, despite the low water content of the crystallization solvent. 
In confirmation of the finding of Rosenheim (8), we found that drying in 


>The Chemical Process Company, Redwood City, California. 
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vacuo over PO, does not remove the water, but that the same conditions 
at, 100° do. 


Caleulated. © 69.6, HE 11.3, galactose 21.3 
Found. 68.4, 11.0, 20.7, ash less than 0.2 


The erystallization procedure appears to give erratic results, and samples 
have been obtained varying from 90 to 100 per cent in purity. 

Higher purity appears to be obtained more uniformly via the barium 
derivative, hitherto undescribed. 1 gm. of cerebroside is dissolved in 50 
ml. of boiling methanol, 2 gm. of Celite analytical filter-aid are added, the 
slurry is reheated to a boil, and 0.77 gm. of Ba(OH).-8H:20 in 40 ml. of 
boiling methanol is added. A precipitate forms within a few seconds, and, 
after a few seconds of further heating, the slurry is filtered rapidly on a 
large, hot Biichner funnel. The precipitate is dried in air, ground in a 
mortar with 0.1 n HCl to regenerate the cerebroside, stirred mechanically 
about 30 minutes, and then filtered. The precipitate is washed well on 
the funnel with more acid and finally with methanol. (The methanolic 
filtrate contains organic material which is precipitated in the aqueous 
filtrate.) The filter cake is dried, the content of cerebroside calculated, 
and the cerebroside crystallized as above, the warm solution being filtered 
to remove the Celite. This procedure usually gives material assaying 
about 98 per cent pure on the basis of galactose content; the yield is about 
35 per cent. The over-all yield for all steps is thus about 8.5 per cent of 
the initial lipide; except for the last step, the yield is virtually quantitative 
in terms of the initial cerebroside content. 


DISCUSSION 


Ether and Alcohol Extractions—The device used by Carter et al. (4) to 
filter the ether slurries did not work in our hands with the Armour lipides. 
A large amount of diatomaceous earth was found to give a reasonable fil- 
tration rate. The increased efficiency of separation of extract from solid 
permitted the use of fewer extractions. The main value of the solvent 
extractions is probably the removal of phospholipides, a reduction in the 
size of the Florisil operation thereby being permitted. The phospholipide 
that remains after the solvent extractions is probably sphingomyelin; the 
mixture may be a good source of this material. 

Florisil Treatment—The activated magnesium silicate adsorbs practically 
all the phospholipides, the remaining trace possibly representing a novel 
type of phospholipide. A similar finding was made with whole brain 
lipides (5). Examination of Table I indicates that the lipide adsorbed 
contains about 3.2 per cent phosphorus and no galactose. 

The presence of water in the chloroform-methanol decreases the eff- 
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aency of phosphatide uptake, and therefore undue exposure to ai during 
the process seems inadvisable. As with any adsorbent, it is wise to check 
the elution volume for each new bateh. It is interesting to note that cere- 
brosides are weakly adsorbed but are eluted by chloroform-methanol. 

Ton Haechange Treatment—Ilonie lipides are taken up by the ion exchange 
resins. Besides the phospholipides, members of this class include strandin 
(9), gangliosides (10), and cerebron sulfate (11). Strandin is taken up by 
Florisil as well as by resins (5). Gangliosides do not appear in the final 
product, as shown by colorimetric test (12), but the point of removal is 
not known. Cerebroside sulfate is taken up by the Duolite (5). The data 
in Table I show that the lipide remaining on the resin column contains 
about 15 per cent galactose (that is, carbohydrate that is like galactose 
in analysis with anthrone). 

The mixed ion exchange resins are capable of removing a fair amount of 
phospholipide (see Table I), but are much less effective than Florisil. Of 
the trace of phospholipide which escapes the Florisil, most of it also escapes 
the resins. 

The weakly basic resin, Duolite A-7, is used in preference to a strongly 
basic resin because it is easier to prepare and permits use of a chloroform- 
containing solvent. We found that halogen-containing solvents react 
readily with strongly basic resins. Other solvent systems would require 
much larger volumes or higher temperatures in order to dissolve the crude 
cerebroside. <A test with Dowex 1 X4-OH™- and resin-processed cerebro- 
side in toluene-alcohol, a fair solvent, did not result in noticeable uptake 
of material. 

Crystallization—Crystallization is a major step in the various methods 
available for the preparative isolation of cerebrosides. In our hands it 
has been an unreliable procedure, and examination of a variety of solvents 
has not helped. ‘Toluene-alcohol (1:1) produced large crystals, probably 
containing solvent of crystallization, but did not result in increased purity. 
Chloroform-alcohol-water, used by Uzman (13), gave crystals only rarely 
and with little increase in purity. With many solvents it was noticed 
that there is a critical temperature below which gelation occurs; a similar 
phenomenon was reported with phrenosinic acid by Chibnall et al. (14). 
The choice of 15° as the crystallization temperature was dictated by this 
observation. It is possible that equally good purification would be ob- 
tained by using less chloroform-methanol and cooling to a higher tem- 
perature. Hot dioxane, 1,1-dichloro-1l-nitroethane, butanol, and acetoni- 
trile-chloroform dissolve cerebrosides; hot acetonitrile does not. 

Phrenosinic Acid—To characterize our preparation of phrenosin further, 
a sample was refluxed with methanolic sulfuric acid (15), and the ester 
isolated by filtration and extraction with petroleum ether. A yield of 100 
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per cent of the ester was obtained. ‘The residual solution was made alka- 
line and extracted with ether, producing a slightly yellow solid assumed to 
be sphingosine and related compounds (16). The yield is 104 per cent 
and is high, presumably, because of the presence of methyl ethers. 

The ester was hydrolyzed with (17), the 
resultant salt was filtered and converted to the free acid. Crystallization 
from aleohol-chloroform- water (lO:8: 1) gave a 42 per cent yield of phren- 
osimie acid, mop. 99°) Cooling and reheating gave the same sharp melting 
pont, 

The loss of | molecule of water on drying phrenosin at 100° could con- 
ceivably be the result’ of dehydration between the 2nd and 3rd carbon 
atoms of the phrenosinic acid residue. Hydrolysis of such material gave 
rise to phrenosinic acid, however. 

Phrenosinic acid, because of its a-hydroxyl group, should form a variety 
of chelates. The magnesium derivative, used in the purification of phren- 
osinie acid (18), must be a chelate. An interesting observation, made also 
with a-hydroxystearic acid, is that the copper chelate, precipitated from 
hot alcoholic solution by hot alcoholic cupric acetate, is white. This ob- 
servation may permit development of an analytical method for long chain 
a-hydroxy acids. 

Determination of Galactose in Cerebrosides—Previous workers have de- 
termined the galactose content of cerebrosides and other lipides by aqueous 
hydrolysis, followed by a colorimetric procedure or measurement of the 
reducing power (19, 20). ‘The use of a solid-liquid system seems inherently 
unreliable, and we consequently developed a one-phase system. 1.5 mg. 
of cerebroside are refluxed with 5 ml. of aleohol-chloroform-HCl (7.4:6:3) 
for 3 hours, the colorless solution is transferred to a large test-tube, several 
rinses of aqueous alcohol are used to complete the transfer and wash the 
boiling chip, and the solution is evaporated to dryness with the swirler. 
The residue is taken up in some chloroform and 10 ml. of water, triplicate 
2 ml. portions of the aqueous layer are evaporated to dryness in test-tubes 
on the swirler, and the galactose is determined by heating with anthrone 
solution. The reagent is made by mixing 0.4 ml. of 2 per cent anthrone 
in sulfuric acid (stored up to 14 days in the refrigerator) and 5.6 ml. of 
H.SO,-H.O (9:5), and the color is developed by heating 6 minutes at 100° 
or 16 minutes at 90°. This variation of the anthrone method is used be- 
cause it eliminates the heat evolved on adding anthrone reagents to aqueous 
solutions. The hydrolysis procedure gave excellent recoveries with ga- 
lactose and mixtures of galactose and cerebroside. 

When papergrams were made from the aqueous supernatant solution 
with several solvent systems and the spots were located with aniline phthal- 
ate (21), it was noted that the intensity of the galactose spots was unex- 
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pectedly low. It may be that part of the galactose is converted to ethyl 
galactoside during the hydrolysis; the glycoside should react like the free 
sugarin the anthrone reaction. lor study by paper chromatography, 25 
mg. portions of cerebroside were hydrolyzed by heating 2 hours in 3 Nn TEC 
with steam in a jacketed test-tube, a cold finger and a magnetic stirrer 
being used. ‘The mixture was then treated with water and chloroform 
and centrifuged, and the aqueous layer was passed through a Duolite A-7 
column to remove LICL The papergrams revealed no glucose (5), fructose, 
or pentose, even when very short hydrolysis periods were used. —Tlowever, 
two very faint slow moving spots were detected with aniline phthalate. 


SUMMARY 


A method is described for the preparative isolation of nearly pure cere- 
brosides, starting with a commercially available lipide concentrate. ‘The 
lipides are extracted with ether and alcohol, passed through a Florisil 
column, then through a column of mixed ion exchange resins, precipitated 
as a barium derivative, and crystallized. A method for galactose deter- 
mination in cerebrosides is presented, and the copper chelate of phrenosinic 
acid is described. 
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QUANTITATIVE STUDIES ON METABOLITES OF 
TRYPTOPHAN IN THE URINE OF THE DOG, 
CAT, RAT, AND MAN* 


By R. R. BROWN anpb J. M. PRICKT 


(From the Cancer Research Hospital, Medical School, University of Wisconsin, 
Madison, Wisconsin) 


(Received for publication, September 23, 1955) 


It was reported by Dunning, Curtis, and Maun that rats fed both 
iryplophan and 2-acetylamimofluorene developed bladder cancer high 
incidence, while those fed 2-acetylaminofluorene alone did not (1), Be- 
cause tryplophan is a precursor of several aromatic amines (2, 3) chemi 
cally similar to those known to produce bladder cancer ino man and the 
dog (4), 11 was of interest to study the urinary exeretion of tryptophan 
metabolites by humans with and without tumors of the urinary bladder 
(5, 6). 

Although much is known about the metabolism of tryptophan in differ- 
ent species (2), suitable methods for the determination of most of these 
metabolites were lacking. Procedures have now been developed for the 
quantitative determination of several known or possible urinary trypto- 
phan metabolites, including kynurenic acid, 4-quinolone, N-methyl-4-quin- 
olone, quinaldic acid, kynurenine, N*-acetylkynurenine, o-aminohippuric 
acid, anthranilic acid, and its glucuronide. The quinoline derivatives 
were determined by ultraviolet spectrophotometry after separation and 
purification on ion exchange resins. The diazotizable aromatic amines 
vere separated on ion exchange resins and determined by the procedure of 
Bratton and Marshall (7). The description of these methods and their 
application to urine from four species of mammals forms the basis of this 
report. 

The dog and cat were studied because neoplasms of the bladder are not 
uncommon in the dog, but are exceedingly rare in the cat (8). Further- 
more, the metabolism of tryptophan in the cat (9-12) has been found to 
differ considerably from that in the dog (9, 13-16). These differences have 
been confirmed, and cat urine has been found to be almost completely free 
of most of the metabolites of tryptophan studied. 


* Supported in part by grants from the Elsa U. Pardee Foundation; the Damon 
Runyon Memorial Fund for Cancer Research; the National League Baseball Club 
of Milwaukee, Inc.; the American Cancer Society, upon recommendation of the 
Committee on Growth of the National Research Council; and the Wisconsin Divi- 
sion of the American Cancer Society. 

t Scholar in cancer research of the American Cancer Society. 
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Materials and Apparatus 


Dowex 50 (H*) (12 per cent cross-linkage, 200 to 400 mesh) was prepared 
as previously described (17). Dowex 1 (Cl-) (10 per cent cross-linkage, 
200 to 400 mesh) was sedimented to remove the very coarse and very fine 
particles. Each column made from Dowex 1 (Cl-) was washed with 50 
ml. of water just prior to use.! 

Quinaldic and anthranilic acids were available commercially.  N- 
Methyl-2-pyridone-5-carboxamide, 4-quinolone, and N-methyl-4-quinolone 
were from preparations used in previous studies (17). _Kynurenic acid was 
synthesized according to Riegel ef al. (18) and recrystallized as described 
by Besthorn (19). Xanthurenic acid was prepared by the method of 
Furst and Olsen (20). The method of Warnell and Berg (21) was used to 
prepare L-kynurenine sulfate, and N@-acetyl-t-kynurenine was made by a 
modification of this method (22), o-Nitrohippuric acid (23) was reduced 
in ethanol by low pressure hydrogenation with palladium on charcoal, and 
the amine was isolated as the hydrochloride. acid was 
dlso prepared trom its methyl ester (4) by hydrolysis with the caleulated 
Of the calculated amount of toy the free cryetalliged at O° in 
yield Toth preparations gave ilentionl, single spate on paper 
Chromatography oo was prepared by low pressure 
hydrogenation of (25) with palladiim on ehareoal in 
absolute ethanol Tt was isolated as the stable hydrochloride formed by 
the addition of concentrated TIC to the ethanol solution after removal of 
the catalyst. 

The columns used were made by sealing a 1.2 em. (outside diameter) 
glass tube 15 em. long to the bottom of 125 or 250 ml. Erlenmeyer flasks.’ 
Groups of eight columns were held by metal spring clips on wooden racks 
and were operated under pressure with filtered air delivered by a manifold. 
Air flow from the manifold to each column was restricted by a screw clamp, 
and the individual column pressure was regulated by means of a T-tube 
bleeder adjusted by a second screw clamp. Thus, all columns could be 
regulated to flow at the same rate. Pressure to any column could be 
stopped without disturbing other columns simply by kinking a section of 
rubber tubing held in place by a wire staple. 


EXPERIMENTAL 


Human Subjects—Four male laboratory workers aged 26 to 33 years, 
who had no history of serious renal, gastrointestinal, or metabolic disease, 
were used for these studies. They were allowed free choice of diet, but 


1 Unless otherwise stated, the resins were used only in these forms. 
2 Made by Norman D. Erway, 686 Oak Street, Oregon, Wisconsin. 
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were instructed to avoid foods rich in niacin. Dietary excesses or irregu- 
larities were carefully avoided. After collecting two 24 hour urine samples 
(17), tryptophan was administered orally as a single dose, usually between 
Q9and 10 a.m. ‘Two or three more 24 hour urines were collected, and ali- 
quots of all samples were stored at 0° until analyzed, usually within 3 to 7 
days. 

Dogs—Two female dogs weighing 20 and 25 kilos were housed in screen- 
bottomed metabolism cages with amber bottles containing toluene for 
urine collections. At each 24 hour interval the dogs were catheterized 
with a sterile catheter to empty the bladder. Usually the dogs did not 
urinate between the daily catheterizations. ‘They were fed on a diet of 
Vitality Body Builder dog food,’ which contained 26 per cent protein, 5 
per cent fat, and 5.5 per cent fiber, The L-tryptophan supplement was 
given by stomach tube as a slurry with water, 

Cats ‘lwo adult male cats weighing 4.5 and 4.9 kilos were housed sepa- 
ralely in screen bottomed metabolism cages and fed a mixture of equal 
parts of Hed Tleart dog food! and canned horse meat’ The 
Heart food contained sullimient vegetable balk to prevent loose stools 
Which otherwise Contaminated the Urine wae collected 
loliene nod refrigerated tntil analysed. ‘Pryplophan wae given mixed 
well with a emall amount of the diet. “This mixture wae eaten before any 
more food was presented, 

Rats Young male albino rats weighing 50 to GO gm, were housed in 
screen-bottomed metabolism cages and fed a purified diet (26) containing 
22 per cent casein. After adjustment to the cages, pooled 24 hour urines 
were collected under toluene, centrifuged to remove spilled food particles, 
and then refrigerated until analyzed. Tryptophan was given by intra- 
peritoneal injection of the sodium salt in water. 

Only the natural L(—)-tryptophan (fa]?? —31.2°) was used in these 
studies. The largest dose of tryptophan given to each species, expressed 
as millimoles per kilo of body weight, was for man 0.56, for dog 0.44, for 
cat 1.04, and for rats 4.9. 


Analytical Methods 


Determination of Kynurenic Acid, Quinaldic Acid, 4-Quinolone, and N- 
Methyl-4-quinolone—The urine was adjusted to pH 8.5 to 9.0 with a few 
drops of saturated NaOH, and the flocculent precipitate was removed by 
filtration through ordinary filter paper. A sample equal to 5 per cent of a 
24 hour human urine (1, 10, or 10 per cent of the 24 hour urine volume from 


3 Vitality Mills, Inc., Chicago, Illinois. 
4 John Morrel and Company, Ottumwa, Iowa. 
5 K-9 Canning Company, Burke Station, Madison, Wisconsin. 
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a dog, cat, or five rats, respectively) was added to each of two Erlenmeyer 
flasks, and to one of these flasks were added 610 y of kynurenic acid, 558 
y of quinaldic acid, and 468 y of 4-quinolone. The volume was adjusted 
to 150 ml. (100 ml. for cat, 60 ml. for dog, or 50 ml. for rat urine) by addi- 
tion of water. The samples were then passed through 3.3 cm. columns of 
Dowex 1 at a rate of 30 to 40 drops per minute. The samples were washed 
with 150 ml. of water. The effluents from the samples and the water 
washings were saved for isolation of 4-quinolone and N-methy1]-4-quinolone, 
The columns were washed with 150 ml. of 0.05 m monochloroacetic acid 
buffer of pH 3.0 to remove the quinaldic acid, and then with 425 ml. of 
0.1 mM, pH 3.0, monochloroacetic acid buffer in 25 per cent (by volume) 
alcohol, freshly prepared, to elute the kynurenic acid. Any xanthurenic 
acid present remained on the columns. 

The 4-quinolone fractions were acidified to 0.8 N with HCl, passed 
through 1.9 em. columns of Dowex 50, washed with 50 ml. of water, 50 
ml. of 3.0 N HCI, and then eluted with 200 ml. of 5.0 nN HCl. Under these 
conditions 4-quinolone and N-methyl-4-quinolone were eluted together. 
These columns were operated without pressure. 

The quinaldic acid fractions were acidified to 0.8 N with THICIL, passed 
through 1.9 em, columns of Dowex 50, washed with 50 mil. of water, 50 
ml. of LON THC, and eluted with 150 ml. of 3.0 .N HCL ‘These columns 
were operated without pressure, None of the above columns were reused. 

The kynurente acid fractions were adjusted to 8.5 to 0.0 with satu. 
rated NaOH solution and were again passed through 3.3 em. column of 
Dowex to ‘The samples were washed with 50 ml. of water and 50 mil, of 
0.05 Nn HCI, and the kynurente acid was eluted with 175 ml, of 0.2 n HCL 
This effluent was then passed through 3.0 em. columns of Dowex 50 and 
washed with 50 ml. of water and 50 ml. of LON TCL The kynurenic acid 
was then eluted with 250 ml. of 3.5 nN HCl. These columns were reused 
twenty times by regenerating after each use with 100 ml. of 8 N TICI, fol- 
lowed by 250 ml. of water. 

All samples were read in a Beckman DU spectrophotometer in matched 
quartz cells with appropriate blanks. ‘The 4-quinolone samples were read 
at 229 and 300 mu. ‘The quinaldie acid and kynurenic acid samples were 
read at 247 and 322 mu, and 245 and 311 mu, respectively. Usually, addi- 
tional readings were made to determine whether or not absorption maxima 
were present at these wave-lengths. 

Determination of Anthranilic Acid Glucuronide, 0o-Aminohippuric Acid, 
Anthranilic Acid, Acetylkynurenine, and Kynurenine in Urine—Preliminary 
experiments with a gradient elution, as described by Busch, Hurlbert, and 
Potter (27), indicated that the diazotizable amines in urine could be re- 
solved into five fractions on a column of Dowex 50. Conditions were then 
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developed for the separation of these fractions by using hand-operated 
columns. Diazotizable aromatic amines were measured by a slight modifi- 
cation of the procedure of Bratton and Marshall (7). 

1 per cent of a 24 hour specimen of human urine (1 to 2 per cent of a 
24 hour dog urine, 5 to 10 per cent of a 24 hour cat urine, or 15 per cent 
of the pooled 24 hour urines from five rats) was acidified with 4.0 ml. of 
1.0 N HCl and diluted to 40 ml. To determine the recovery of compounds 
from the columns, two similar samples were prepared. To one were added 
400 y of o-aminohippuric acid and 400 y of kynurenine sulfate; to the other 
were added 400 y of acetylkynurenine. These samples were then applied 
to 10 cm. columns of Dowex 50 and passed through at a flow rate of 12 to 
20 drops per minute. The samples were followed by two 20 ml. washes of 
0.1 N HCl. The combined filtrate and washes (80 ml.) constituted Frac- 
tion A, the identity of which has not been established. The columns were 
then washed with 80 ml. of 0.5 N HCl, which gave Fraction B which con- 
tained anthranilic acid glucuronide when present. Fraction C, eluted by 
80 ml. of 1.0 N HCl, contained o-aminohippuric acid. Anthranilic acid 
and acetylkynurenine were eluted together in Fraction D with 80 ml. of 
24 Nn HCl, while kynurenine was washed off the column in Fraction 1 
with 8O ml. of 5.0 n HCI, 

The columns were reused after regeneration with 125 ml. of & Nn TIC! 
followed by 125 ml. of water. Immediately before use, the columns were 
washed with about 50 mil, of water, 

The amount of acetylkynurenine in Fraction D> was determined by 
measuring the amount of steam. volatile o-aminoacetophenone produced by 
the alkaline distillation of this fraction (28, 29). Thus, anthranilie aeid, 
which did not give rise to steam-volatile amine, was measured by the 
difference between total diazotizable amine and the steam-volatile amine. 
A 35 ml. portion of Fraction D was diluted to 50 ml. in a 100 ml. long 
necked flask fitted with a short glass condenser and was cautiously made 
alkaline by the addition, with cooling, of 11.4 gm. of solid NaOH. A 
porous plate boiling chip was added, and the distillation was carried out 
until 20 ml. of distillate were collected in a graduated cylinder containing 
5 ml. of 2.4 n HCl. Another 35 ml. portion of Fraction D was used to 
determine the recovery of added acetylkynurenine (50 y) as o-aminoaceto- 
phenone. The diazotizable amine in the distillate was then determined as 
described below. Similarly, the amount of kynurenine in Fraction E was 
checked by measuring the steam-volatile amine therefrom. 

Diazotization and Coupling—The first four fractions (Fractions A to D) 
and the volatile amine fractions were treated identically. Duplicate 3 ml. 
samples were pipetted into matched 13 XK 100 mm. colorimeter tubes. To 
each tube was added 0.2 ml. of 0.25 per cent sodium nitrite. 3 minutes 
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after mixing, 0.2 ml. of 10 per cent ammonium sulfamate was added. This 
was mixed and followed 2 minutes later by 0.2 ml. of 0.25 per cent N-1- 
naphthylethylenediamine dihydrochloride. After 3 hours the tubes were 
read at 550 muy in a Beckman DU spectrophotometer adapted for the use 
of these tubes. Because the rate and extent of color development depended 
upon the acid concentration and temperature, standard curves were set up 
under the same conditions of acidity and temperature as in the fraction 
concerned. 

The high acid concentration in Fraction E greatly inhibited coupling. 
In order to obtain a more sensitive assay, this fraction was treated differ- 
ently. 2 ml. of Fraction E were pipetted into colorimeter tubes, cooled in 
ice water, and 1.0 ml. of 9 Nn NaOH was added. This reduced the acid 
concentration to about 0.33 Nn. These samples were then warmed to room 
temperature and diazotized and coupled as described for the first four 
fractions. 

Existing methods were used for the determination of xanthurenic acid 
(30) and N-methy]-2-pyridone-5-carboxamide (pyridone) (17). The paper 
chromatographic methods used were those of Dalgliesh (31) or Mason and 
Berg (32), or the latter system with 1 ml. of glacial acetic acid per 100 ml. 
of solvent. When samples containing HCl were spotted, it was necessary 
to dry the spots and expose them to ammonia fumes in order to obtain 
reproducible results. Paper chromatograms were often run on the whole 
urine and occasionally on the fractions from the ion exchange columns. 
These paper chromatograms were inspected with ultraviolet light (32) and 
then sprayed with Ikman’s reagent (33) for diazotizable aromatic amines. 
In this way it was possible to have a qualitative check on the quantitative 
procedures. 


Results 


The daily excretion of tryptophan metabolites by man, dog, eat, and 
rat are listed in Table 1. Since very little, if any, increase in urinary ex- 
cretion of quinoline compounds other than kynurenic or xanthurenie acids 
was observed, the data for the other compounds have been omitted, The 
levels of urinary excretion of all metabolites except the pyridone had re- 
turned to normal within 24 hours. The pyridone appeared to be a metab- 
olite of tryptophan only in man, and it was not completely excreted until 
the 3rd day. With the exception of small variations in pyridone values, 
the day to day basal excretion of these metabolites was surprisingly con- 
stant for a given subject, and the basal values for normal subjects likewise 
fell within a narrow range. 

The human subjects excreted only 1.7 to 6.6 per cent of the tryptophan 
in the form of the metabolites in Table I. The chief metabolites in man 
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TABLE I 


Excretion of Tryptophan Metabolites in Urine of Humans, Dogs, 
Cats, and Rats 


All the data have been expressed as micromoles excreted per 24 hours and have 
been corrected for the recoveries of added standards. 
experiments were carried out, the data were averaged. The tryptophan was ad- 
ministered at the start of the 24 hour period opposite the amount indicated under 
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When two or more similar 


As examples, the complete data have been presented for the 
In the other experiments the 


data have been presented for just the 24 hours before and after supplementation. 


Species 


Man 


Dog 


Cat 


Kat 


subjects 


No. of 


und 


Dose L- 
trypto- 
phan, |———— 
mmoles At 
22 
26 
39.2 |23 
34 
42 
19.6 |50 
52 
9.80 |48 
26 
3l 
9.80 |40 
28 
32 
4.90 }40 
35 
2.45 
40) 
O6 


umoles excreted in urine per animal per day* 


oAH_ AA 
23 
24 t 
96 
30 
| 
26 t 
50 | 
10 
13 8 
124 | 36 
12 
16 | 18 
80 1160 
) | 12 
46 
0.6) 
14.3) ? 
3.2 
10,7 


KA 


accounted 


Percent dose 
for 


1.7 


43.5 


40.5 


29.7 


0.07 


28 


* The following abbreviations are used: A, aromatic amine Fraction A; AAG, 
anthraniliec acid glucuronide; oAH, o-aminohippurie acid; AA, anthranilie acid; 
Ack, acetylkynurenine; K, kynurenine; KA, kynurenie acid; XA, xanthurenic acid; 
MPCA, N-methyl-2-pyridone-5- carboxamide. 

t Calculated as anthranilie acid. 

t Anthranilic acid was not detectable. 

§ The sum of anthranilie acid and acetylkynurenine was expressed as acetylky- 
nurenine. 

| The ultraviolet spectra of these fractions failed to reveal absorption maxima 
characteristic of the metabolite concerned; the compound may be completely absent. 

{ These fractions developed a colloidal turbidity on standing, making analysis 


impossible. 
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were kynurenine, kynurenic acid, and the pyridone. A 4-fold increase in 
the dose of tryptophan resulted in a proportional increase in per cent of 
the amino acid excreted as these metabolites. 

From 29.7 to 43.5 per cent of the administered tryptophan was accounted 
for in the dog urine in the form of the metabolites measured, with ky- 
nurenine and kynurenic acid constituting the largest fractions. A 4-fold 
increase in the dose of tryptophan had relatively little effect on the per 
cent of the dose accounted for as urinary metabolites. 

Only 0.07 per cent of the supplemental tryptophan was accounted for in 
the cat urine, and the increase was almost all in o-aminohippuric acid. 
The values for the urinary levels of all of these metabolites were so low as 
to make it seem probable that these compounds were absent from cat 
urine. 

Kynurenic acid and kynurenine were the chief metabolites of trypto- 
phan in the rat, but significant increases occurred in most of the other 
fractions. The rats excreted 28.5 per cent of the dose of tryptophan as 
the metabolites measured, but the dose to the rats was relatively high. 

In no instance did ingestion of tryptophan cause a significant increase 
in the unknown diazotizable component of Fraction A. Similarly, the 
compounds present in the 4-quinolone and N-methyl-4-quinolone fraction 
did not change when tryptophan was given. The ultraviolet absorption 
spectrum of this fraction failed to reveal any maxima resembling these 
quinoline compounds. Hence no attempt was made to find a method to 
separate these compounds, and it was assumed that they were absent from 
urine of the four species. If present, there could be no more than 1, 4, or 
5 mg. of either quinolone in the 24 hour urines of the cat, dog, or man, 
respectively, following the largest dose of tryptophan given. Previous 
studies® indicated that these compounds were probably not present in 
rat urine; therefore they were not assayed for in this study. 

The values for quinaldic acid excretion by man ranged from 4.6 to 6.9 
umoles per day for basal days and were 45 umoles after the 39.2 mmole 
dose of tryptophan. In the dog the values ranged from 19 ywmoles before 
supplementation to 96 umoles after the 9.8 mmole dose of the amino acid. 
The spectrum of this fraction was in good agreement with that of authentic 
quinaldic acid only when the readings were high. Whether or not the 
ultraviolet light absorption in this fraction was an indication of the pres- 
ence of quinaldic acid will have to await further work. If cats exereted 
any of this compound, it was less than 3 umoles per day. No comparable 
data were obtained on this fraction from rat urine. 

The average per cent recovery of compounds added to urine was as 
follows: o-aminohippuric acid 86.5, acetylkynurenine 77.6, kynurenine 


® Price, J. M., and Brown, R. R., unpublished observations. 
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99.4, anthranilic acid 91.5, quinaldic acid 98.4, 4-quinolone 98.5, and 
kynurenic acid 98.2. Recoveries were similar with urine from all four 
species. Pure samples of anthranilic acid glucuronide were not available 
for the determination of recoveries. N-Methyl-4-quinolone was also re- 
covered in good yield in the 4-quinolone fraction.*® 

Paper chromatograms were occasionally run on the residues from the 
kynurenic acid and aromatic amine fractions. A spot corresponding to 
kynurenic acid could readily be seen in such fractions from normal rat, 
dog, or human urine. In these studies the 3.5 Nn HCl was always removed 
in vacuo on a water bath, and the residue was dissolved in a few drops of 
water for spotting. Further evidence for the presence of kynurenic acid 
in these fractions was obtained from the correspondence of their spectra 
to that of the authentic compound. However, the values caleulated for 
kynurenic acid content of human or dog urine were usually 2 to 4 umoles 
higher when readings at 311 my were used as compared with the readings 
at 245 my. ‘The impurity which was responsible for the additional light 
absorption at 311 my did not increase in concentration after administra- 
tion of tryptophan; the agreement between the two readings was very good 
at high levels of kynurenic acid excretion. In all cases the lower of the 
two values was recorded in Table I. 

Aromatic amine Fractions C, D, and E were shown by paper chromatog- 
raphy to contain o-aminohippuric acid, acetylkynurenine, and kynurenine, 
respectively, as the major diazotizable components. The amounts of 
o-aminoacetophenone produced from Fractions D and E by alkaline steam 
distillation were adequate to account for all of the diazotizable aromatic 
amine present in these fractions except in dog and rat urine when some 
anthranilic acid appeared in Fraction D. Negligible amounts of volatile 
amine were found in Fraction A, B, or C. 

The occurrence of the glucuronide of anthranilic acid in human urine was 
not clearly demonstrable by paper chromatography. However, feeding 
100 mg. of anthranilic acid to a rat increased the excretion of diazotizable 
amine in Fractions B, C, and to a lesser extent D. Fraction B from these 
analyses clearly contained the glucuronide of anthranilic acid, according to 
the criteria of Mason (84) and Charconnet-Harding, Dalgliesh, and Neu- 
berger (35). 


DISCUSSION 


The large capacity and great resolving power of the synthetic ion 
exchange resins have made it possible to develop relatively simple and 
specific analytical methods which can be readily applied to a mixture of 
chemicals as complex as urine. It was previously possible to isolate the 
pyridone from urine by a simple ion exchange procedure which yielded 
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the metabolite in almost spectroscopically pure form (17). The procedure 
for kynurenic acid yielded a product which appeared almost as pure. The 
procedure was found to be time-consuming, but not more so than the 
methods of Capaldi (13) or Musajo and Coppini (36). With the ion ex- 
change method the recoveries were almost all between 95 and 101 per cent, 
and the results have been readily reproducible. Kynurenic acid has been 
detected in all samples of human urine tested, although only 1 to 3 mg. 
were found in normal human 24 hour urine samples. Urine samples from 
patients ingesting a wide variety of drugs have been analyzed, and inter- 
ference was evident only in the one patient who was receiving p-amino- 
salicylic acid therapy for tuberculosis. 

The one column procedure resolved the aromatic amines into five dis- 
tinct and reproducible fractions which were then measured specifically by 
diazotization and coupling (7). Anthranilic acid glucuronide, o-amino- 
hippuric acid, acetylkynurenine, kynurenine, and an unknown compound 
or group of compounds in Fraction A accounted for the major diazotizable 
amines in human urine. Small amounts of anthranilic acid were present 
in dog and rat urine. Administration of acetophenetidine or acetylsalicylic 
acid did not interfere, but large doses of p-aminobenzoic acid, p-amino- 
salicylic acid, or sulfa drugs vitiated the results. These drugs did not 
interfere with the determination of acetylkynurenine or kynurenine as 
steam-volatile amines.°® 

The steam distillation method of Spatek (29) would determine kynv- 
renine plus acetylkynurenine in whole urine. No other steam-volatile 
diazotizable aromatic amines were found in urine, but the wide use of 
acetophenetidine could be a serious problem in the use of this procedure 
on human urine without prior purification. 

The colorimetric method of Otani, Nishino, and Imai (37) for kynurenine 
was not specific unless interfering substances were removed by exhaustive 
extraction with butanol (38). Kotake and Kawase (39) precipitated 
kynurenine from urine as the mercuric salt and determined it by titrating 
the ammonia liberated from the precipitate upon heating with barium 
hydroxide. Porter, Clark, and Silber (40) used this method on rat urine 
and obtained kynurenine values similar to those reported here. However, 
because of solubility limitations this method was not suitable for normal 
human urine where kynurenine occurs in very small amounts. 

Musajo, Benassi, and Parpajola (41) recently isolated kynurenine from 
the urine of patients with neoplastic diseases. Brown, Price, and Wear 
(5) have reported that patients with bladder cancer excreted relatively 
large amounts of kynurenine following ingestion of tryptophan. Although 
kynurenine was not isolated in pure form from normal human urine in the 
present studies, the evidence was very good for the presence of both kynu- 
renine and acetylkynurenine in all samples of normal urine studied to date. 
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While these studies were in progress, Butenandt and Renner (42) re- 
ported that rats formed 4-quinolone from kynuramine. When 4-quinolone 
was administered to rats, most of it was oxidized and excreted in the urine 
as the 3-phenyl! sulfate. Thus it was not surprising that 4-quinolone and 
its N-methyl derivative were not detectable in the rat urine. 

Although xanthurenic acid excretion was definitely increased by the 
ingestion of tryptophan by man and the rat, the other two species appar- 
ently failed to produce significant quantities of it. The values given by 
the method of Rosen, Lowy, and Sprince (30) for the xanthurenic acid 
content of normal urine were probably considerably too high. A column 
method for the determination of kynurenic and xanthurenic acids has been 
devised,® and it has given basal xanthurenic acid values more in the range 
of the kynurenic acid content of human urine. Following large doses of 
tryptophan, however, the values observed with the two procedures were 
more nearly comparable. When this column procedure was applied to 
dog or cat urine, xanthurenic acid could not be detected, although added 
xanthurenic acid was recovered in good yield. Carvalho da Silva, Fried, 
and de Angelis (12) could not detect xanthurenic acid in cat urine even 
when the animals were deficient in pyridoxine. 

The relatively low percentage of tryptophan accounted for in man was 
not surprising in view of the numerous metabolic pathways available (2, 
3). It is doubtful that appreciable quantities of tryptophan were ex- 
creted in the urine, since Sarett and Goldsmith (43) found that only about 
0.5 per cent of oral doses of 2.5 or 5 gm. of L-tryptophan was excreted un- 
changed in the urine. 

In contrast to the other species studied, the cat did not excrete appreci- 
able amounts of any of the metabolites measured. This disagrees with 
Kotake and Nakayama (11), who reported that after injection of trypto- 
phan or kynurenine into cats there was an increase in the ‘“anthranilic 
acid reaction” in the urine. They felt that the absence of kynurenic acid 
in cat urine was due to the kynureninase activity of cat liver which was 
greater than in any other species studied. Our data confirmed the ab- 
sence of kynurenic acid excretion. However, if anthranilic acid was formed 
by the cat, it was not excreted as such but as o-aminohippuric acid, since 
this was the only fraction to show a detectable increase after tryptophan. 
When anthranilic acid was given orally to cats, the majority was excreted 
as o-aminohippuric acid with only traces of free anthranilic acid.® 

The extremely low levels of tryptophan metabolites found in cat urine 
were of more interest in the light of the apparent rarity of bladder cancer 
in this species (8). This form of carcinoma is quite Common in man (44), 
and not infrequently is seen in dogs (8). These correlations, together 
with the apparent relationship of tryptophan metabolism to the induction 
of bladder cancer in rats with acetylaminofluorene and the relatively large 
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excretion of kynurenine, kynurenic acid, and acetylkynurenine after inges- 
tion of tryptophan by many patients with bladder cancer (5), present an 
interesting area for speculation concerning the possible etiology of this 
type of neoplasm. 


SUMMARY 


1. Methods employing ion exchange chromatography have been de- 
scribed for the quantitative estimation of kynurenic acid, quinaldic acid, 
4-quinolone, N-methyl-4-quinolone, anthranilic acid, o-aminohippuric acid, 
anthranilic acid glucuronide, N*-acetylkynurenine, and kynurenine in 
urine. These compounds and xanthurenic acid and N-methy]l-2-pyridone- 
5-carboxamide were determined in the urine of man, dogs, cats, and rats 
before and after administration of L-tryptophan. 

2. Kynurenine and kynurenic acid were the chief urinary metabolites of 
tryptophan in the dog, rat, and man. N-Methyl-2-pyridone-5- carbox- 
amide was an important product of tryptophan metabolism in man but not 
in the other species. Xanthurenic acid was an important excretory product 
in the rat and man, but not in the dog or cat. 

3. 4-Quinolone and its N-methyl derivative could not be detected in 
the urine of these four species. Quinaldic acid or some chemically similar 
compound was excreted in increased amounts after the administration of 
tryptophan to man and the dog. 

4. Of the compounds tested for, only o-aminohippuric acid was excreted 
in measurable amounts by cats. 

5. The possible relationship between bladder cancer and the urinary 
metabolites of tryptophan was discussed. 


The authors are deeply indebted to Dr. R. C. Herrin of the Department 
of Physiology of the University of Wisconsin Medical School for care and 
handling of the dogs used in these experiments. It is a great pleasure to 
acknowledge the assistance of Mrs. Masako Kaihara, Mrs. Mary Bryan, 
Mrs. Marian Prahl, and Mr. L. W. Dodge in carrying out many of these 
experiments. 
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tion, Neuman, Morrow, Toribara, 
Casarett, Mulryan, and Hodge, 551 

Succinate synthesis from, liver mito- 
chondrial enzymes, Lardy and Adler, 

933 
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Blood plasma: Proteins, Schmid, Rosa, 
and MacNair, 769 
Blood serum: Albumin, perfluorooctanoic 
acid and, interactions, Nordby and 


Luck, 399 
Bicarbonate, determination, photo- 
metric, Davis and Simpson, 885 


Calcium binding, electrophoretic com- 
ponent relation, Clegg, Ericson, 
Hein, McFarland, and Leonard, 

447 

Lipoproteins, refractive increment, 

Hanig and Shainoff, 479 

Brain: N-Acetyl-u-aspartic acid, Tallan, 
Moore, and Stein, 257 

Butyrate: §-Hydroxy-. See Hydroxy- 
butyrate 


C 


Calcium: -Bicarbonate system, complex 
ion formation, Neuman, Morrow, 
Toribara, Casarett, Mulryan, and 
Hodge, 551 

Binding, blood sera, electrophoretic 
component relation, Clegg, Ericson, 
Hein, McFarland, and Leonard, 

AAT 

Carbon: Fragments, metabolism, uterus, 
estradiol-treated, Mueller and Her- 
ranen, 585 

Carboxylase: Oxalacetic. See Oxalace- 
tic carboxylase 

Carboxylic acid: Methyl-2-pyridone-5.. 
See Methyl-2-pyridone-5-carboxylic 
acid 

Casein: Pressor material, pepsin rela- 
tion, MceGlory, Olsen, and Field, 

Catechuic acid: Proto-. See Protocate- 
chuic acid 

Cerebroside(s): Isolation, Radin, Brown, 
and Lavin, 977 

Cholesterol: Side chain, cleavage, en- 
zymatic, Staple, Lynn, and Gurin, 

845 

Cholinesterase: Ethanol and organo- 
phosphates, effect, O’Brien, 

927 

Organophosphates and ethanol effect, 
O’Brien, 927 


INDEX 


Chondroitin sulfate: Digestion, testicu- 
lar hyaluronidase, transglycosyla- 
tion, Hoffman, Meyer, and Linker, 

653 

Coenzyme(s): A, acyl derivatives, fatty, 
dehydrogenation. Hauge, Crane, and 
Beinert, 727 

—, — —, —, dehydrogenation mech- 
anism, palmityl coenzyme A dehy- 
drogenase, relation, Hauge, Crane, 
and Beinert, 727 

—, hydroxyisovaleryl. See Hydroxy- 
isovaleryl coenzyme A 

Polyglutamyl pteridine. See Poly- 
glutamyl pteridine coenzyme 

Copper: Phosphorus’ determination, 
Lowry-Lopez, effect, Bruemmer and 
O’ Dell, 283 

Vitamin Bie decomposition, ascorbic 
acid solutions, effect, Rosenberg, 

951 

Corticotropin(s): Cole, Li, Harris, and 
Pon, 903 

a-, pepsin action, Cole, Li, Harris, and 
Pon, 903 

Cystine: L-, incorporation rates, peni- 
cillin biosynthesis, Stevens, Inamine, 


and De Long, AO5 
Cytochrome: c, heart, molecular weight, 
Atlas and Farber, 31 


—-, B-hydroxybutyrate to, mitochon- 
dria enzyme complex, relation, Dev- 
lin and Lehninger, 507 

—-, oxygen from, mitochondria enzyme 
complex, relation, Cooper and Leh- 
ninger, 519 


D 


Deaminase: 5-Adenylic acid. 
enylic acid deaminase 
Dehydrase: Threonine. See Threonine 

dehydrase 
Dehydrogenase: Glyceraldehyde-3-phos- 
phate. See Glyceraldehyde-3-phos- 


See Ad- 


phate dehydrogenase 
Palmityl coenzyme A. See Palmityl 
coenzyme A dehydrogenase 
Steroid-36-ol-. 
hydrogenase 
See Succinic dehydrogenase 


See Steroid-3p-ol-de- 


Succinic. 


f 

1 


SUBJECTS 1009 


Deoxy-p-fructose: 6-, preparation and 
properties, Palleroni and Doudoroff, 
957 
Deoxyribonucleic acid: Escherichia coli, 
pyrimidines, introduction into, 
Zamenhof, Reiner, De Giovanni, and 
Rich, 165 
Dialkylfluorophosphatase: Kidney, dis- 
sociation constant, Mounter, 677 
—, organophosphorus compounds, hy- 
drolysis, effect, Mounter and Dien, 


685 
Diaphragm(s): Fructose metabolism, 
Nakada, 319 


Diet: Liver betaine-homocysteine trans- 
methylase, effect, Ericson and Har- 


per, 49 
Ericson, Harper, Williams, and Elve- 
hjem, 59 


Diphosphonucleoside(s): Yeast ribonu- 
cleic acids, enzyme relation, Crest- 
field and Allen, 103 

Diphosphopyridine nucleotidase: Spleen, 
solubilization and purification, Ali- 


visatos and Woolley, 823 

E 
Egg(s): Salmon, ichthulokeratin amino 
acids, Young and Smith, 161 
Eicosatrienoic acid: Isolation, fat defi- 
ciency, Mead and Slaton, 705 


Electrophoretic component: Blood sera 
calcium binding, relation, Clegg, 
Ericson, Hein, McFarland, — and 
Leonard, 447 

Enzyme(s): Acyl-. See Acyl-enzyme 

Cholesterol side chain cleavage, Staple, 
Lynn, and Gurin, 845 
Complex, mitochondria, cytochrome c 
to oxygen, relation, Cooper and 
Lehninger, 519 
—, —, B-hydroxybutyrate to cyto- 
chrome c, relation, Devlin and 


Lehninger, 507 
—-,—, — — oxygen, relation, Cooper 
and Lehninger, 489 


—, --, phosphorylation, oxidative, 
relation, Cooper and Lehninger, 

489, 519 

Devlin and Lehninger, 507 


Enzyme(s)—continued: 
L-Fucose conversion to .L-fuculose, 
Green and Cohen, 557 


8-Hydroxyisovaleryl coenzyme A car- 
boxylation, Bachhawat, Robinson, 
and Coon, 539 
Liver mitochondria, succinate synthe- 
sis from propionate and bicarbonate, 
Lardy and Adler, 933 
Methylpurines, metabolism, Escher- 
tchia coli, effect, Koch and Lamont, 
189 
Ribonucleic acid hydrolysis, kinetics, 
Edelhoch and Coleman, 351 
Transamination, mechanisms, Hilton, 
Barnes, and Enns, 833 
Yeast ribonucleic acid diphosphonu- 
cleosides, relation, Crestfield and 
Allen, 103 
See also Amylase, Carboxylase, etc. 
Escherichia coli: Deoxyribonucleic acid, 
pyrimidine introduction into, Za- 
menhof, Reiner, De Giovanni, and 


Rich, 165 
Histidine synthesis, radioisotopic 
tracer use, Westley and Ceithaml, 

139 

Methylpurines, metabolism, enzyme 
effect, Koch and Lamont, 189 
tracer use, Koch, 181 


Esterase: Cholin-. See Cholinesterase 
Estradiol: -Treated uteri, carbon frag- 
ments, metabolism, Mueller and 
Herranen, 585 
Estriol: Meconium, isolation, Kinsella, 
Francis, Thayer, and Doisy, 265 
Ethanol: Acetyl chymotrypsin and, re- 
action, Balls and Wood, 245 
Cholinesterase, effect, O’Brien, 

927 

Ethionine: Pancreas protein metabolism, 
effects, Sidransky and Farber, 231 


F 


Fat: Deficiency, 5,8,11-eicosatrienoic 
acid isolation, Mead and Slaton, 

705 

Digestion, intestine, fatty acids, free 

and glyceride, exchange, Ahrens and 

Borgstrém, 665 
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Fat—continued: 

Liver, development, metabolic factors 
and threonine relation, Arata, Sven- 
neby, Williams, and Elvehjem, © 

| 327 
Fatty acid(s): Essential, metabolism, 
Mead and Slaton, 705 

Free and glyceride, exchange, fat di- 
gestion, intestine, Ahrens and Borg- 
strém, 665 

Glucose conversion to, liver, insulin 
effect, Felts, Doell, and Chaikoff, 

473 

Glyceride and free, exchange, fat di- 

gestion, intestine, Ahrens and Borg- 


strém, 665 
Fructose: 6-Deoxy-p-. See Deoxy-p- 
fructose 
Metabolism, diaphragms, Nakada, 
319 


Fucose: L-, L-fuculose formation from, 
enzymatic, Green and Cohen, 557 
Fuculose: L-, L-fucose conversion to, 
enzymatic, Green and Cohen, 557 
Furacin: Pyruvate metabolism, effect, 


Paul, Bryson, and Harrington, 463 
G 
Galactose: Toxicity, uridine nucleotides, 
relation, Hansen, Freedland, and 
Scott, 391 
Glucose: Carbon incorporation into 
protocatechuic acid, Neurospora, 
Tatum and Gross, 797 


Catabolism pathways in liver, isotope 
tracer use, Wenner and Weinhouse, 

691 

Fatty acids from, liver, insulin effect, 
Felts, Doell, and Chaikoff, 473 
Glucosyl rhamnuloside: Preparation and 
properties, Palleront and Doudoroff, 
957 

Glutamine synthetase: Reaction, oxygen 
transfer, Kowalsky, Wyttenbach, Lan- 


ger, and Koshland, 719 
Glutarate: Keto-. See Ketoglutarate 
Glyceraldehyde-3-phosphate dehydro- 


genase: Formation, aevl-enzyme re. 
lation, Koeppe, Boyer, and Stulberg, 
HOO 


INDEX 


Glyceride(s): Hydroxyl groups, pan- 
creatic lipase relation, Mattson and 
Beck, 735 

Glycine: Conjugate, N-methyl-2-pyri- 
done-5-carboxylic acid, urine, Lin- 
denblad, Kathara, and Price, 893 

Serine conversion to, polyglutamy] 
pteridine coenzymes, role, Wright 


and Stadtman, 863 
Glycolic acid: Utilization, tobacco 
methyl group synthesis, Byerrum, 
Dewey, Hamill, and Ball, 345 


Glyoxalase: Activity determination, Mc- 


Kinney and Gocke, 605 

H 
Heart: Cytochrome c, molecular weight, 
Atlas and Farber, 31 


Histamine: Radioactive, urine metabo- 
lites, Karjala, Turnquest, and Scha- 
yer, 9 

Histidine: Synthesis, Escherichia coli, 
radioisotopic tracer use, Westley and 


Ceithaml, 139 
Hormone(s): Metabolites, excretion, 
enteric, Kinsella, Francis, Thayer, 
and Doisy, 265 


Hyaluronic acid: Digestion, testicular 
hyaluronidase, transglycosylation, 
Hoffman, Meyer, and Linker, 653 

Hyaluronidase(s): Bacteria, uronides, 
unsaturated, production, Linker, 
Meyer, and Hoffman, 13 

Testes, hyaluronic acid and chon- 
droitin sulfate digestion, transgly- 
cosylation, Hoffman, Meyer, and 
Linker, 653 

Hydroxybutyrate: 8-, cytochrome c from, 
mitochondria enzyme complex, rela- 
tion, Devlin and Lehninger, 507 

—-, oxygen from, mitochondria enzyme 
complex, relation, Cooper and Lehn- 
inger, 489 

Hydroxyindole compound(s): 5-, 
genesis and metabolism, Udenfriend, 
Titus, Wetssbach, and Peterson, 

335 

Hydroxyisovaleryl coenzyme A: #-, car- 
boxylation, enzyme, Bachhawat, Rob- 
inson, and Coon, 530 
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Hydroxylamine(s): Riboflavin and, re- 
action, Dietrich and Harland, 


383 
Xanthine oxidase, effect, Dietrich and 
Borries, 375 


Hydroxyl group(s): Glycerides, pan- 
creatic lipase relation, Mattson and 
Beck, 735 

Hydroxyphenylpyruvic acid: Oxidation, 
liver, La Du and Zannont, 273 


I 


Ichthulokeratin: Amino acids, salmon 
eggs, Young and Smith, 161 
Indole compound(s): 5-Hydroxy-. See 
Hydroxyindole compound 
Insulin: Liver glucose conversion to 
fatty acids, effect, Felts, Doell, and 
Charkoff, 473 
Intestine: Steroid hormones, metabo- 
lites, excretion, Azinsella, Francis, 
Thayer, and Doisy, 265 
Isoalloxazine: Ring, riboflavin, from 
adenine pyrimidine ring, WeNutt, 
365 


K 


Keratin: Ichthulo-. See Ichthulokeratin 
Ketoglutarate: a-, aspartate hydrogen 
exchange rate, effect, Hilton, Barnes, 


and Enns, 833 
Kidney: Dialkylfluorophosphatase, dis- 
sociation constant, Mounter, 677 


—, organophosphorus compounds, hy- 
drolysis effect, Mounter and Dien, 
685 
Kinase: Adenylate. See Adenylate kin- 
se 
Ribo-. See Ribokinase 


L 


Lactic acid: Phenyl-. See Phenyllactic 

Lactobacillus casei: VPhenyllactic acid 
utilization, Hiduson and Dunn, 


175 
Lactose: Metabolism, Hansen, F reedland, 
and Scott, 


Levulinic acid: 5-Amino-. See Amino- 
levulinic acid 


Lipase: Pancreas, glyceride hydroxyl 

groups, relation, Mattison and Beck, 

735 

Lipide(s): Liver, Spiro and McKibbin, 

643 

Lipoprotein(s): Blood serum, refractive 
increment, Hanig and Shainoff, 

479 

Liver: Betaine-homocysteine transmeth- 

ylase, amino acid effect, Ericson and 


Harper, 49 
— —, diet effect, Ericson and Harper, 
49 

Ericson, Harper, Williams, and El- 
vehjem, 59 
— —, protein effect, Ericson and 
Harper, 49 


——, vitamin By: effect, Ericson, Har- 
per, Williams, and Elvehjem, 59 
Fatty, development, metabolic factors 
and threonine relation, Arata, Sven- 
neby, Williams, and Elvehjem, 
327 
Glucose catabolism pathways, isotope 
tracer use, Wenner and Weinhouse, 
691 
— conversion to fatty acids, insulin 
effect, Felts, Doell, and Chaikoff, 


473 
p-Hydroxyphenylpyruvie acid oxida- 
tion, La Du and Zannoni, 273 


Lipides, Spiro and McKibbin, 643 
Mitochondrial enzymes, succinate syn- 
thesis from propionate and bicar- 


bonate, Lardy and Adler, 933 
Mitochondria oxalacetic carboxylase, 
Bandurski and Lipmann, 741 


—, propionic acid carboxylation, 
Friedberg, Adler, and Lardy, 
943 
Ribokinase, purification and proper- 
ties, Agranoff and Brady, 221 
Testosterone metabolism, Axelrod and 
Miller, 455 
Threonine dehydrase substrate induc- 
tion, Sayre, Jensen, and Greenberg, 
111 
Tryptophan peroxidase-oxidase, Lee, 
211 
Tyrosine oxidation system, La Du and 
Zannont, 273 
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Liver—continued: 

Xanthine oxidase, amino acid ana- 
logues, effect, Younathan, Frieden, 
and Dittmer, 531 

Lowry-Lopez: Phosphorus method, sulf- 
hydryl compounds and copper effect, 
Bruemmer and O’ Dell, 283 


M 


Meconium: Estriol isolation, Kinsella, 
Francis, Thayer, and Doisy, 265 
Mercapturic acid: Precursors, Mills and 
Wood, 
Metabolic factor(s): Liver, fatty, de- 
velopment, threonine and, relation, 
Arata, Svenneby, Williams, and Elve- 
hjem, 327 
Methyl group: Synthesis, tobacco, gly- 
colic acid utilization, Byerrum, 
Dewey, Hamill, and Ball, 345 
Methylpurine(s): Metabolism, Escher- 
tchia coli, enzymatic effect, Koch 
and Lamont, 189 

—, — —, tracer use, Koch, 181 
Methyl-2-pyridone-5-carboxylic acid: 
N-, glycine conjugate, urine, Linden- 
blad, Kathara, and Price, 893 

—, urine, Lindenblad, Kaihara, and 
Price, 893 
Mitochondrion: Enzyme complex, cyto- 
chrome c to oxygen, relation, Cooper 
and Lehninger, 519 

— —, #-hydroxybutyrate to cyto- 
chrome c, relation, Devlin and Leh- 


ninger, 507 
— —, — — oxygen, relation, Cooper 
and Lehninger, 489, 507 


— —, phosphorylation, oxidative, re- 
lation, Cooper and Lehninger, 
489, 519 
Devlin and Lehninger, 507 
Liver, enzymes, succinate synthesis 
from propionate and bicarbonate, 
Lardy and Adler, 933 
—, oxalacetic carboxylase, Bandurski 
and Lipmann, 741 
—, propionic acid carboxylation, 
Friedberg, Adler, and Lardy, 943 
Muscle: Adenylate kinase, inorganic tri- 
phosphate synthesis, relation, Lie- 
berman, 307 


INDEX 


Muscle—continued: 
5-Adenylic acid deaminase, purifica- 
tion and properties, Nikiforuk and 


Colowick, 119 
See also Heart 
Mutase: Phosphoacetylglucosamine. 
See Phosphoacetylglucosamine mu- 
tase 
Myosin: Purine nucleoside triphos- 


phates, hydrolysis, effect, Kvielley, 
Kalckar, and Bradley, 95 
Pyrimidine nucleoside triphosphates, 
hydrolysis, effect, Kalckar, 
and Bradley, 95 


N 


Neurospora: Glucose carbon incorpora- 
tion into protocatechuie acid, Tatum 
and Gross, 797 
Phosphoacetylglucosamine mutase, 
Reissig, 753 
Protocatechuic acid metabolism, 
Gross, Gafford, and Tatum, 781 
Nuclease: Ribo-. See Ribonuclease 
Nucleic acid: Deoxyribo-. See Deoxy- 
ribonucleic acid 
Ribo-. See Ribonucleic acid 
Nucleoside(s): Diphospho-. 
phosphonucleoside 
Nucleotidase: Diphosphopyridine. See 
Diphosphopyridine nucleotidase 
Nucleotide(s): Pyridine. See Pyridine 
nucleotide 
Uridine. See Uridine nucleotide 


See Di- 


O 


Octanoic acid: Perfluoro-. See Perfluo- 
rooctanoic acid 
Organophosphate(s): Cholinesterase, ef- 
fect, O’Brien, 927 
Organophosphorus compound(s): Hy- 
drolysis, kidney dialkylfluorophos- 
phatase effect, Mounter and Dien, 
685 
Oxalacetic carboxylase: Liver mitochon- 
dria, Bandurski and Lipmann, 
741 


Oxazine: Isoall-. See Isoalloxazine 


Oxidase: Peroxidase-, tryptophan, liver, 
Lee, 211 
Xanthine. 


See Xanthine oxidase 


1e 
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Oxygen: Cytochrome c to, mitochondria 
enzyme complex, relation, Cooper 
and Lehninger, 519 

8-Hydroxybutyrate to, mitochondria 
enzyme complex, relation, Cooper 
and Lehninger, 489 
Transfer, glutamine synthetase reac- 
tion, Kowalsky, Wyttenbach, Langer, 
and Koshland, 719 


Pp 


Palmityl coenzyme A dehydrogenase: 
Coenzyme A, acy] derivatives, fatty, 
dehydrogenation mechanism, rela- 
tion, Hauge, Crane, and Beinert, 

727 

Pancreas: Amylase formation, Hokin, 

77 

Lipase, glyceride hydroxyl groups, re- 
lation, Mattson and Beck, 735 
Protein metabolism, ethionine effects, 
Sidransky and Farber, 231 
— synthesis, x-ray irradiation effect, 
Hokin and Hokin, 85 
Ribonucleic acid metabolism, x-ray 
irradiation effect, Hokin and Hokin, 

85 

Penicillin: Biosynthesis, L-cystine and 
p- and t-valine incorporation rates, 
Stevens, Inamine, and De Long, 

405 

Pepsin: Casein pressor material, rela- 

tion, McGlory, Olsen, and Field, 


299 

a-Corticotropin, effect, Cole, Li, 
Harris, and Pon, 903 
Trypsin inhibitors, effect, Aassell and 
Laskowski, 203 


Peptide(s): Phenylalanine. See Phenyl- 
alanine peptide 

Ribonuclease, performic acid-oxidized, 

tryptic hydrolysis, Hirs, Moore, and 


Stein, 623 
Thienylalanine. See Thienylalanine 
peptide 
Perfluorooctanoic acid: Blood serum al- 
bumin and, interactions, 399 
Performic acid: Ribonuclease oxidation, 
effect, Hirs, 611 


Peroxidase: -Oxidase, tryptophan, liver, 
Lee, 211 


Phenylalanine: Utilization, Lactobacillus 
caset, Eiduson and Dunn, 
175 
Phenylalanine peptide(s): Dunn, Ravel, 
and Shive, 809 
Phenyllactic acid: Utilization, Lacto- 
bacillus casei, Eiduson and Dunn, 
175 
Phenylpyruvic acid: Utilization, Lacto- 
bacillus casei, Eiduson and Dunn, 
175 
Phosphatase(s): Dialkylfluoro-. See Di- 
alkylfluorophosphatase 


Wheat leaf, Roberts, 711 
Phosphate(s): Organo-. See Organo- 
phosphate, 927 


Purine nucleoside tri-. See Purine 
nucleoside triphosphate 
Pyrimidine nucleoside tri-. See Py- 
rimidine nucleoside triphosphate 
Tri-. See Triphosphate 
Phosphoacetylglucosamine mutase: Neu- 
rospora, Reissig, 753 
Phosphoribosyl -5 - amino - 4 - imidazole- 
carboxamide(s): 5’-, preparation, 
Greenberg, 423 
Phosphorus: Determination, Lowry- 
Lopez, sulfhydryl compounds and 
copper effect, Bruemmer and O’ Dell, 
283 
Phosphorylation: Bacteria, oxidation 
and, Brodie and Gray, 
853 
Oxidative, mitochondria enzyme com- 
plex, relation, Cooper and Lehninger, 
489, 519 
Devlin and Lehninger, 507 
Polyglutamyl pteridine coenzyme(s): 
Serine conversion to glycine, rdéle, 
Wright and Stadtman, 
— metabolism, réle, Wright and Stadt- 


man, 863 
Wright, 873 
Porphobilinogen: Urine, determination, 
Mauzerall and Granick, 435 


Pressor material: Casein, pepsin rela- 
tion, McGlory, Olsen, and Field, 

299 

Propionate: Succinate synthesis from, 

liver mitochondrial enzymes, Lardy 

and Adler, 933 
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Propionic acid: Carboxylation, liver | Pyruvic acid: p-Hydroxyphenyl-. See 
mitochondria, Friedberg, Adler, and Hydroxyphenylpyruvic acid 


Lardy, 943 
Protein(s): Blood plasma, Schmid, Rosa, 


and MacNair, 769 
Lipo-. See Lipoprotein 
Liver betaine-homocysteine trans- 


methylase, effect, Ericson and Har- 
per, 49 
Metabolism, pancreas, ethionine ef- 
fects, Sidransky and Farber, 231 
Synovial fluid, Schmid, Rosa, and Mac- 


Nair, 769 
Synthesis, amino acids, free, réle, 
Loftfield and Harris, 151 
—, pancreas, x-ray irradiation effect, 
Hokin and Hokin, 85 


—, vitamin Bg relation, Lichstein, 27 
Protocatechuic acid: Glucose carbon in- 
corporation into, Neurospora, Tatum 
and Gross, 797 
Metabolism, Neurospora, Gross, Gaf- 
ford, and Tatum, 781 
Pteridine: Derivatives, serine metabo- 
lism, effect, Wright, 873 
Purine(s): -Lacking strain, Aerobacter 
aerogenes mutants, purine utiliza- 


tion, Balis, Brooke, Brown, and 
Magasanik, 917 
Methyl-. See Methylpurine 


Utilization, Aerobacter aerogenes mu- 
tants, purineless, Balis, Brooke, 
Brown, and Magasanik, 917 

Purine nucleoside triphosphate(s): Hy- 
drolysis, myosin effect, 
Kalckar, and Bradley, 95 

Pyridine nucleotide: Synthesis in vivo, 
Kaplan, Goldin, Humphreys, Ciotti, 
and Stolzenbach, 287 

Pyrimidine(s): Introduction into Escher- 
itchia coli deoxyribonucleic acid, 
Zamenhof, Reiner, De Giovanni, and 
Rich, 165 

Ring, adenine, incorporation into ribo- 
flavin isoalloxazine ring, McNutt, 

365 

Pyrimidine nucleoside triphosphate(s): 
Hydrolysis, myosin effect, Kvelley, 
Kalckar, and Bradley, 95 

Pyruvate: Metabolism, Furacin effect, 
Paul, Bryson,and Harrington, 463 


Phenyl-. See Phenylpyruvie acid 


R 


Rhamnulose: p-, preparation and prop- 
erties, Palleroni and Doudoroff, 
957 


Rhamnuloside: Glucosyl. See Glucosy] 


rhamnuloside 

Riboflavin: Biosynthesis, Plaut and 
Broberg, 131 
Hydroxylamine and, reaction, Dietrich 
and Harland, 383 
Isoalloxazine ring from adenine py- 
rimidine ring, McNutt, 365 
Ribokinase: Liver, purification and 

properties, Agranoff and Brady, 
221 
Ribonuclease: Oxidation, performic acid 
effect, Hirs, 611 
Performiec  acid-oxidized, peptides, 


tryptic hydrolysis, Hirs, Moore, and 
Stein, 623 
Ribonucleic acid(s): Hydrolysis, en- 
zymatic, kinetics, Edelhoch and Cole- 
man, 301 
Metabolism, pancreas, x-ray irradia- 
tion effect, Hokin and Hokin, 85 
Yeast, diphosphonucleosides, enzyme 
relation, Crestfield and Allen, 103 
Ribonucleic acid. Deoxy-. See Deoxy- 
ribonucleic acid 
Riboside: 5-Amino-4-imidazolecarbox- 
amide. See Amino-4-imidazolecar- 
boxamide riboside 
Roentgen ray: Irradiation, pancreas pro- 
tein synthesis and ribonucleic acid 
metabolism, effect, Hokin and Hokin, 


85 

S 
Salmon: Eggs, ichthulokeratin amino 
acids, Young and Smith, 161 


Serine: Glycine formation from, poly- 
glutamyl pteridine coenzymes, role, 
Wright and Stadiman, 

Metabolism, polyglutamyl pteridine 
coenzymes, role, Wright and Stadt- 
man, 863 
Wright, 873 


See 
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Serine—continued: 
Metabolism, pteridine derivatives, 
effect, Wright, 873 


Spleen: Diphosphopyridine nucleotidase, 
solubilization and purification, Alz- 
visatos and Woolley, 823 

Steroid: Hormones, metabolites, excre- 
tion, enteric, Ainsella, Francis, 
Thayer. and Doisy, 265 

Steroid-38-ol-dehydrogenase: Adrenal 
gland, Beyer and Samuels, 

69 

Substrate: Induction, threonine dehy- 
drase, liver, Sayre, Jensen, and 
Greenberg, 111 

Succinate: Synthesis from propionate 
and bicarbonate, liver mitochondrial 
enzymes, Lardy and Adler, 

933 

Succinic dehydrogenase: Preparation 
and determination, Kearney and 
Singer, 963 

Sulfate: Chondroitin. See Chondroitin 
sulfate 

Sulfhydryl compound(s): Phosphorus 
determination, Lowry-Lopez, effect, 
Bruemmer and O’ Dell, 283 

Synovial fluid: Proteins, Schmid, Rosa, 
and MacNair, 769 

Synthetase: Glutamine. See Glutamine 
synthetase 


T 


Testis: Hyaluronidase, hyaluronic acid 
and chondroitin sulfate digestion, 
transglycosylation, Hoffman, Meyer, 


and Linker, 653 
Testosterone: Metabolism, liver, Azelrod 
and Miller, 455 


Thienylalanine peptide(s): Dunn, Ravel, 
and Shive, 809 
Threonine: Liver, fatty, development, 
metabolic factors and threonine re- 
lation, Arata, Svenneby, Williams, 
and Elvehjem, 327 
Threonine dehydrase: Substrate induc- 
tion, liver, Sayre, Jensen, and Green- 
berg, 111 
Thyroxine: Triiodinated analogues, syn- 
thesis and biological activity, 7’omita 
and Lardy, 595 
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Tobacco: Methyl group synthesis, gly- 
colic acid utilization, Byerrum, 
Dewey, Hamill, and Ball, 

345 

Transamination: Enzymatic, mecha- 
nisms, Hilton, Barnes, and Enns, 

833 

Transglycosylation: Hyaluronic acid and 
chondroitin sulfate digestion, tes- 
ticular hyaluronidase, Hoffman, 
Meyer, and Linker, 653 

Transmethylase: Betaine-homocysteine. 
See Betaine-homocysteine  trans- 
methylase 

Triphosphate: Inorganic, synthesis, mus- 
cle adenylate kinase relation, Lieber- 
man, 307 

Trypsin: Acetyl chymo-. See Acetyl 
chymotrypsin 

Inhibitors, pepsin, effect, Kassell and 
Laskowski, 203 
Ribonuclease, performic acid-oxidized, 
peptides, relation, Hirs, Moore, and 


Stein, 623 

Tryptophan: Metabolites, urine, Brown 

and Price, 985 
Peroxidase-oxidase, liver, Lee, 

211 

Tyrosine: Oxidation system, liver, La 

Du and Zannoni, 273 


U 


Uridine nucleotide(s): Galactose tox- 
icity, relation, Hansen, Freedland, 
and Scott, 391 

Urine: 6-Aminolevulinic acid, deter- 
mination, Mauzerall and Granick, 

435 

Metabolites, histamine, radioactive, 
Karjala, Turnquest, and Schayer, 

9 

N-Methy1-2-pyridone-5-carboxylic acid 

and glycine conjugate, Lindenblad, 


Kathara, and Price, 893 
Porphobilinogen, determination, Mau- 
zerall and Granick, 435 
Tryptophan metabolites, Brown and 
Price, 985 
Uronides: Unsaturated, production, hy- 
aluronidases, bacterial, Linker, 
Meyer, and Hoffman, 13 
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Uterus: Mstradiol-treated, carbon frag- 
ments, metabolism, Mueller and 
Herranen, 585 


Vv 


Valine: p- and L-, incorporation rates, 
penicillin biosynthesis, Stevens, In- 
amine, and De Long, 405 

Vitamin: Bs, protein synthesis and, 
Lichstetin, 27 

Biz, ascorbic acid solutions, decompo- 
sition, copper-promoted, Rosenberg, 
951 

—, liver betaine-homocysteine trans- 
methylase, effect, Hricson, Harper, 
Williams, and Elvehjem, 59 


INDEX, 


W 


Wheat: Leaf phosphatases, Roberts, 
711 


X 


Xanthine oxidase: Hydroxylamine effect, 

Dietrich and Borries, 375 

Liver, amino acid analogues, effect, 
Younathan, Frieden, and Dittmer, 

531 


X-ray: See Roentgen ray 
Y 


Yeast: Ribonucleic acid diphosphonu- 
cleosides, enzyme relation, Crestfield 
and Allen, 103 
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